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The  objective  was  to  determine  whether  optimal  control  synthesis  methods 
provide  superior  means  for  designing  jet  engine  controllers.  The  methods 
design  controllers  with  more  capability  and/or  can  be  exploited  to  provide 
less  expensive  hardware.  For  newer  kinds  of  engines  the  cost  to  design 
should  be  less  than  for  presently  used  methods.  Volume  I summarizes 
optimal  control  design  methodology.  A paper  design  of  a command  and 
disturbance  controller  shows  hat  good  power  lever  command  response  can  be 
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20.  Abstract  (Continued) 

achieved?  the  same  controller  is  designed  to  be  insensitive  to  inlet  duct  buzz. 

A command  controller  is  synthesized  and  wind  tunnel  tested.  ThiB  controller 
is  a good  approximation  to  time  optimal  with  surge-stall.  TT4,  and  flameout 
constraints.  Small- amplitude  control  responses  are  precise.  There  is  strong 
stability.  Volume  n contains  three  Appendices.  Appendix  A contains  the 
details  of  engine  math  models.  The  software  for  the  wind  tuinel  controller  is 
presented  in  Appendix  B.  Appendix  C contains  a derivation  of  rate  model 
following.  Volume  III  presents  results  of  frequency  response  tests  of  a J85-13 
engine  operating  in  the  A PL  wind  tunnel.  The  data  are  reduced  and  models 
identified. 
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of  the  report  for  the  optimization  design  and  wind  tunnel  test  evaluation. 
Volume  II  contains  some  very  detailed  computer  programs  and  background 
material  for  the  optimization  effort.  Volume  III  presents  experimental 
identification  and  modeling  of  the  General  Electric  J85  engine. 
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modeling  at  Honeywell.  M.  D.  Whrd  set  up  engine  simulations  on  Honeywell's 
computer  facilities,  and  did  the  machine  language  programming  for  the  digital 
controller  for  the  test  facility  at  Wright- Patterson  Air  Force  Base. 

C.  R.  Stone  finished  the  engine  modeling,  set  up  the  control  optimization 
problems,  and  worked  with  the  optimization  procedures.  N.  E.  Miller  did 
most  of  the  control  optimization  work  and  revised  models  and  procedures 
as  the  program  continued.  Stone,  Ward,  and  Miller  installed  the  optimal 
controller  on  the  wind  tunnel  test  facility  at  the  Aero- Propulsion  laboratory. 
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assistance  in  getting  the  optimal  controllers  to  run. 
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SECTION  I 
INTRODUCTION 


Jet  engine  controllers  have  traditionally  been  designed  by  the  application  of 
good  physics  and/or  for  single- input,  single-output  control  theory.  In  this 
report,  "modern"  multiple- input,  multiple- output  control  theories  were  used 
to  synthesize  j*t  engine  controllers.  The  objectives  were  to  determine 
whether  the  resulting  control  systems  would: 

• Cost  less  to  design 

• Improve  engine  performance 

• Be  less  complex  to  mechanize 

As  a part  of  the  reported  efforts,  a controller  was  designed  for  a J85-13  jet 
engine  by  modern  methods  and  wind-tunnel  tested  at  the  Aero  Propulsion 
Laboratory.  Test  results  were  good. 

Based  on  accomplishments,  it  can  be  said  that  the  objectives  were  achieved. 
Modern  methods  are  inexpensive  to  use,  can  improve  engine  performance, 
and  can  design  less  complex  hardware. 

Modern  synthesis  methods  cost  less  to  use  because  they  provide  eaatier  means 
for  achieving  objectives;  a priori  goals  are  more  readily  attained.  Less 
simuhulon,  test,  and  a posteriori  tailoring  are  required  to  obtain  objectives. 
These  attributes  of  modern  methods  result  from  the  matching  of  vector 
control  requirements  with  vector  synthesis  capabilities.  Modern  synthesis 
methods  are  particularly  cost  effective  in  new  situations  and/or  for  more- 
complex  engines. 
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Improved  engine  performance  is  me  do  available  in  two  ways:  by  providing 
better  quality  in  traditional  control  modes,  and  by  providing  new  desirable 
control  modes.  In  Section  IV  of  this  report,  test  results  for  TT4  (cf  Table  1 
for  nomenclature)*  control  achieved  wind  tunnel  operation  are  considered  to 
be  better  than  have  been  achieved  before.  Section  III  of  this  report  demon- 
strates that  engine  controllers  could  be  made  tolerant  of  inlet  buzz.  This 
additional  feature  or  mode  would  be  a welcome  additional  capability. 

Modern  optimal  synthesis  methods  are  highly  effective  in  developing  less 
complex  controls.  The  methods  can  do  this  because  they  so  quickly  and  so 
inexpensively  determine  optimal  compromises  among  component  and  system 
alternatives. 

This  volume  of  the  report  (Volume  I)  emphasizes  the  design  and  wind  tunnel 
test  aspects  of  optimal  control.  Volume  II  contains  primarily  data  concerning 
the  NASA  component  engine  model  and  software  for  the  wind  tunnel  test  con- 
troller. The  results  of  frequency  response  testing  the  wind  tunnel  J85  engine 
and  of  identifying  its  parameters  are  in  Volume  III. 

Section  II  of  this  volume  discusses  engine  models  and  the  optimal  control 
methodology  used.  The  J85  math  models  and  their  evaluation  are  discussed 
to  meet  two  sets  of  objectives.  The  discussion  is  sufficiently  qualitative  that 
the  non-engine  expert  will  get  a feel  for  the  physics,  mathematics,  and  quality 
of  the  engine  models.  Rationale  are  provided  for  all.  In  optimal  control  there 
is  some  general  philosophy  to  provide  the  big  picture  and  there  are  the 
specifics  to  delineate  exactly  those  parts  of  the  optimal  control  methodology 
available  that  were  actually  used. 


*To  avoid  interrupting  the  continuity  of  the  text,  ail  referenced  figures  and 
tables  are  gathered  at  the  end  of  the  section  in  which  they  are  first  mentioned. 
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Section  III  presents  the  paper  design  and  evaluation  cf  a command  and  dis- 
turbance controller  for  the  J85  engine.  The  controller  is  synthesised  not 
only  to  provide  good  throttle  command  response  but  also  to  make  the  engine 
insensitive  to  organ  pipe- type  inlet  buzz  to  which  many  aircraft  are  so  prone. 
The  results  of  Section  m strongly  suggest  that  this  desirable  insensitivity  can 
be  achieved. 

Section  IV  is  the  main  part  of  this  report.  The  detail  synthesis  of  the  wind 
tunnel  test  command  controller  is  discussed  and  the  wind  tunnel  results 
presented.  The  documentation  is  heavy  and  the  discussions  are  candid. 
Optimal  synthesis  methods  are  a lot  of  work.  Much  computation  must  be 
done  but  the  computations  are  more  readily  automated.  There  is  a discussion 
of  two  problem  areas.  Finally,  there  are  the  results  of  wind  tunnel  tests  that 
show  good  control  was  achieved. 


Table  1.  Nomenclature 


Symbol 

A 

BLD 

Bi 

Cn 

D 

DHT 

E 


F 

G1 


G J. 


R 

ri 

I 

IGV 

J 

J 

K 


K 


Kd 


kg 

Kn 

“r 

1C8 


L 


E ascription 

Area,  ft2 
Bleed  valves 

States  associated  wivh  3endix  fuei  valve  (cf  Tables  40-42) 
2 

Coefficient,  rpm  /" R 
Matrix  (cf  Tables  II  arid  12) 

= HT4  - HT5 

Expected  value  operator 

Matrix  (cf  Tables  11  and  12) 

Matrix  (cf  Tables  11  and  12) 

Matrix  (cf  Tables  11  and  12) 

Matrix  (cf  Tables  11  and  12) 

Total  enthalpy,  Btu/lbm 

2 

Moment  of  inertia,  lbf-:'t-sec 

Inlet  guide  vane 

Cost  (cf  Tables  11  and  12) 

Mechanical  equivalent  of  beat,  778.  3 ft-lbf/Btu 
Matrix  (cf  Tables  11  and  12) 

Coefficient 

Coefficients,  (lbf2)  (sec2)/(lbm2)  (ft4)  (°R) 

Coefficient,  (lbm)  (ft2)  (°R1/2)/(lbf)  (sec) 

Coefficient,  (lbf)  (sec)/(lbm)  (ft2) 

Coefficient,  (rpm)(sec)/ft 
Coefficient,  (lbf)  (sec)/(lbm)  (ft2) 

Noaale  parameter,  (lbm)(ft2)(°R^2)/(ibf)(sec) 

Torque,  N-m;  *'t-Ibf 
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Table  1.  Nomenclature  (Continued) 


Description 

Matrix  (cf  Table  12) 

Mach  number 
Rotational  speed,  rpm 
Nonlinear  rotational  speed,  rpm 
Power  lever 

2 2 

Pressure,  N/m  ; lbf/ft 
Power  lever  angle 
Pressure  ratio 
Power,  ft-lbf/sec 
Matrix  (cf  Table  30) 

Universal  gas  constant,  53.3  (lbf)  (ft)/(lbm)(°R) 

- Integral  {(HB*WT  +HCD+WTC  - DHT*WT  - HT*WN)/ 1. 53} 
~p5*TT5 

= Integral  {(WT+WTC- WN)/1. 53}  ~ p5 
Temperature,  °R 

Id<sal  total  temperature  drop  across  turbine,  °R 
Temperature  combustor  can 
Time  delay  states 

a Integral  [y*TCD(WCD- WB- WTC)}  = 0.  504*PT3 

Mean  rotor  speed,  ft/sec 

Tip  rotor  speed,  ft  /sec 

Volume,  ft3 

Weight,  lbm 

= Integral  (WCD-  WB  - WTC)  ~ p3 
Wnght  flow,  lbm /sec 
Speed  of  sound,  ft/sec 
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Table  1.  Nomenclature  (Continued) 


Symbol 


c 

c 


P 

V 


g 

h 

Ah 

Ah" 


kb 


l 


r 

rT 

s 

t 

u 

u 

V 


Description 

Specific  heat  at  constant  pressure,  Btu/(ibm)  (°R) 

Specific  heat  at  constant  volume,  Btu/(lbm)  (°R) 

Gravitational  constant,  32.17  (lbm)  (ft)/(lbf)  (sec2) 

Static  enthalpy,  Btu/lbm 

Actual  isentropic  expansion  value,  Btu/lbm 

Ideal  isentropic  expansion  value,  Btu/lbm 

Heat  of  combustion,  Btu/lbm 

Bleed  flow  coefficient,  (kg)  (K1^2)/(N)  (sec); 
(lbm)(°R1/2)/(lbf)(sec) 

Length,  ft 

Response  vector  (cf  Tables  11  and  12) 

Mean  radius,  ft 
Tip  radius,  ft 
Laplace  operator,  sec-1 
Time,  sec 

Control  vector  (cf  Tables  11  and  12) 

Internal  energy,  Btu/lbm 
Velocity,  ft /sec 
Tangential  velocity,  ft /sec 
Axial  velocity,  ft /sec 

Axial  velocity  associated  with  stage  characteristics,  ft/sec 
State  vector  (cf  Tables  11  and  12) 

Distance,  ft 
Distance,  ft 
Distance,  ft 
Distance,  ft 
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Table  1.  Nomenclature  {Continued) 


Symbol 


a 

B 

y 

6 

a 

n 

h 

d 

x 

P 

o 

V T3 
u 


Description 

Coefficient,  30  sec /min 
Rotor  air  inlet  angle,  deg 
Ratio  of  specific  heats,  1.4 

Ratio  of  total  pressure  to  standard  atmospheric  pressure 
Boundary 

White  noise  (cf  Tables  11  and  12) 

Efficiency 

Ratio  of  total  temperature  to  standard  atmospheric 
temperature 

Work- speed  parameter 

Weight  density,  lbm/ft^ 

Delay  time,  sec 

Time  constant,  sec 

Flow  coefficient 

Pressure  coeff  jient 

Temperature  coefficient 

Angular  velocity,  sec-* 


Subscripts  (suffix): 


B 

CD 

G 

N 

N 

R 

T 

TC 

TC 

W 


Burner 

Compressor  discharge 

Gas 

Speed 

Noise 

Rotor 

Total 

Thermocouple 
Turbine  cooling 
Whistle 
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Table  1.  Nomenclature  (Concluded) 


Symbol 

WFD 

b 

c 

f 

(0 

in 

n 

out 

P 

s 

sr 

stg  1 
stg  2 
sv 
t 

tc 

tr 

tv 

v 

0 

2 

3 

4 

5 

r>.  1 
8 


Description 

Whistle  filter  digital 
Variable  associated  with  stage  bleed 
Variable  associated  with  stage  characteristics 
Fuel 

Denotes  function,  is  1,  2,  3,  ... 

Inlet 

Stage  number  designation 
Outlet 

Variable  associated  with  particle 
Static  condition 

Static  condition  variable  associated  with  stage  characteristics 
First  stage 
Second  stage 

Static  condition  variable  associated  with  stage  volume 
Total  condition 

Total  condition  variable  associated  with  stage  characteristics 
Total  condition  reference  state 

Total  condition  variable  associated  with  stage  volume 
Variable  associated  with  stage  volume 
Free- stream  condition  (cf  Figure  2) 

Compressor  inlet 
Compressor  discharge 
Combustor 
Turbine 

Turbine  discharge 
Nozzle 
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SECTION  n 

MODELS  an:d  control 


Brief  descriptions  and  summaries  of  the  engine  system  and  control  synthesis 
are  presented  in  this  section. 


MODELS 

The  J85  engine,  its  actuators,  disturbances,  and  the  system  sensors  are 
discussed. 


J65  Engine 

Figure  1 presents  a cutaway  drawing  of  the  J85  engine;  an  equivalent  func- 
tional schematic  is  shown  in  Figure  2.  The  engine  for  which  the  controls 
were  designed  has  an  afterburner,  but  for  this  contract,  afterburner  controls 
were  not  designed.  An  increase  in  the  tailpipe  volume  was  the  only  effect  the 
afterburner  presence  had  on  this  effort. 

The  math  model  of  the  J35  engine  used  for  control  synthesis  was  developed 
by  the  Lewis  Research  Center  of  the  National  Aeronautics  and  Space 
Administration.  The  model  was  originally  developed  for  analog  simulation 
(Reference  1)  and  later  modified  into  an  all-digital  simulation.  The  reference 
presents  a rationale  and  develops  the  equations  for  the  math  model  of  the  J85 
engine.  With  tha  reference  arid  the  computer  listings  for  the  digital  version 
(presented  in  Appendix  A of  Volume  II),  it  is  a straightforward  tusk  to  set  up 
a simulation  for  the  J85  engine.  In  this  section  of  the  report,  a brief 
summary  of  the  engine,  the  digital  simulation,  and  Honeywell' s use  is 
presented. 
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The  engine  model  uses; 


• Experimentally  determined  steady- state  compressor  stage  data 

• Experimentally  determined  steady- state  lumped  turbine  data 

• Heal  gas  combustion  model 

• Formal  one- dimensional  inviscid  continuity,  momentum,  and 
energy  approximations  to  unsteady  intracompres.’or  stage, 
combustor  can,  and  tailpipe  dynamics 

The  model  judiciously  combines  experimental  and  theoretical  results. 
Experimental  data  provide  accurate  low-frequency  results  while  the  theory 
provides  means  for  extending  the  dynamics  into  the  hlgh-frequen  -y  range. 

Discussion  of  the  engine  is  separated  into  three  major  parts:  the  compressor, 
the  turbine,  and  the  burner-nozzle  rotor.  The  compressor  discussion  is 
further  broken  down  into  the  steady- state,  dynamics,  and  problem  areas. 
Considerable  attention  is  devoted  to  the  compressor  because  it  is  a source  of 
major  control  problems.  The  burner- nozzle- rotor  discussion  describes  the 
fuel  addition  in  the  burner,  the  real  gas  combustion  model,  and  combustion 
efficiency  in  the  burner.  Flow  in  the  tail  pipe,  the  effects  of  the  nozzle,  and 
the  effect  of  the  exhaust  area  are  presented  under  nozzle.  The  burner  and 
nozzle  discussions  present  dynamic  models  for  the  gas  flows  in  these  parts  of 
the  engine.  The  rotor  discussion  presents  the  model  for  showing  how  the 
unbalanced  torques  (of  the  compressor  and  turbine)  accelerate  the  spool, 

The  compressor  Is  built  up  by  the  stage- stacking  technique.  The  overall 
characteristics  of  the  compresrc”  are  obtained  by  cascading  the  results  from 
each  of  the  eight  stages;  dynamic  and  static.  Experimental  data  are  used  to 
determine  the  static  characteristics  of  a stage;  continuum  mechanics  are  used 
to  determine  the  dynamic  characteristics. 

The  steady- state  characteristics  of  a compressor  stage  i~e  described  by  the 
pressure  gain  and  efficiency.  The  pressure  gain  across  a.  stage  cr,  equiva- 
lently, the  Isentropic  enthalpy  change.,  ie  required.  In  addition,  the  efficiency 
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of  the  compressor  stage  or  the  actual  enthalpy  change  are  needed.  The  major 
assumptions  in  developing  the  experimental  data  are  that  the  flow  is  one- 
dlmens Lonal,  steady,  the  in-flow  angle  to  a stage  in  invariant,  and  that  the 
usual  correction  coefficients  for  compressors  are  applicable  to  stage  charac- 
teristics. In  Reference  1,  there  is  a discussion  that  justifies  the  invariant 
in-flow  assumption. 

The  steady- state  characteristics  of  a compressor  stage  are  given  in  terms  of 
the  two  dependent  variables,  \[P  and  \)F , which  are  functions  of  the  independent 
flow  coefficient,  0: 


• Pressure  coefficient: 


\fF  = 2gj  Ah/ 


V 


Temperature  coefficient: 


\lsT  * 2gJ  -AL. 

V 


• Flow  coefficient: 

( v / ) 

0 = — * — 

<u  / V«) 

where 

Ah;  = Ideal  (ieentropic)  change  in  enthalpy 
Ah  - Actual  change  in  enthalpy 
Urp  * Rotor  tip  speed 
U = Mean  rotor  speed 
v = Axial  flow  velocity 


(1) 


(2) 


(3) 
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The  relationships  across  a typical  compressor  stage  are  shown  in  Figure  3. 
The  engine  operates  on  that  portion  of  the  flow  coefficient  where  the  derivative 
of  the  1 1?  with  respect  to  0 is  negative.  In  fact,  there  is  a rough  rule  (Hartog) 
for  stab!  Uty  of  compressors  which  indicates  that  this  is  the  range  for  which 
the  flow  is  stable  (Reference  2).  This  condition  is  intuitively  obvious:  If 
di//P/d0  < 0,  the  flow  is  self-equilibrating.  If  d^/d0  > 0,  the  flow  is 
divergent. 


The  velocity,  v . appearing  in  the  flow  coefficient  expression  is  the  implicit 
function: 


v 

sc,  n 


[w 

R < 

» c.n 

sv.  n- 1 

(A 

P„.  A 

| c.n 

sv,n-l| 

(4) 


where 


WC.  n Vv  n ■ 

6 •«  Aa 

v,  n-1  c,n 


■ 1 „ y*S*£. 

1 - 

f V?c,4  n _ 

jf  1 

^ n - 1 

k.  n - 

1/  2gJcpTtrCOs2|3n- 

(5) 


tr 


where 


fin  = Flow  angle 

TtJ,  = Q Tt*  i.e. , total  wrt  to  standard 


To  simplify  the  computation,  NASA  approximates  the  implicit  function  by  the 
terms  of  a powers  series: 


zs 

« ~ (KA)n  + (KA)n  + 1(|.  FPn  + <KA>n  + 20,  FPn*  FPn  (6) 

’ v,  n - 1 


where 


yPn  5 A « 

c.n  v,  n 


(7) 
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This  explicit  computation  is  quite  accurate  as  is  indicated  by  the  results  of 
Figure  4. 

The  pressure  gain  characteristics  of  the  first  compressor  stage  are  affected 

P 

by  the  inlet  guidt  vane  position  so  that  for  this  stage  the  \p  curves  are  a 
function  of  the  inlet  guide  position.  These  data  are  as  indicated  in  Figure  5. 

p 

Therefore,  the  if/  curves  for  the  first  stage  are  a family  of  curves  rather 
than  a single  curve. 

p T 

The  two  sets  of  experimentally  determining  curves,  \j/  and  , provide  the 
steady-state  characteristics  for  a compressor  stage.  It  is  assumed  that  all 
the  dynamics  of  a compressor  stage  are  associated  with  the  interstage  vol- 
ume shown  in  Figure  6.  In  the  nth  stage  equivalent  volume  the  flow  is  con- 
sidered to  be  compressible,  one- dimensional,  and  isentropic.  The  output  of 
the  stage  volume  then  drives  the  (n+l)th  compressor  stage.  Lumped  approxi- 
mations to  the  conservation  laws  are  used  to  compute  flows  through  the  stage 
volume. 

The  conservation  equations  for  quasi  one- dimensional  inviscid  flow  are: 
e Mass: 

Tt{p  A)+3^(pAv)  = 
e Momentum: 

it  <pAv)  +Tx  (pAy2) 

e Energy: 

it  (pAut}  + c*  <pAvH)  = 0 <10> 


A AP 

-Agyf 


(8) 


(9) 
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While  it  would  be  desirable  to  use  the  conservation  laws  directly,  the  compu- 
tational requirements  would  be  excessive.  Therefore,  lumped  parameter 
approximations  are  made. 

The  lumped  mass  approximation  is  made  first; 


1. 

► 

< 

Ol 

«|JB 

I 

II 

< 

CL 

4s 

(ID 

5 b 

2. 

tt  (PA)  - "£  <W> 

(12) 

3. 

■ -is* 

(13) 

4. 

!>  ■4*r *V 

(14) 

5. 

ar<^>„  ■ wn-wn+1> 

(15) 

Line  one  is  simply  a rewriting  of  the  conservation  law,  line  two  is  a symbolic 
change,  in  line  three  the  approximation  is  made  that  the  cross-sectional  area 
is  constant,  and  in  line  4 the  major  approximation  is  made;  the  partial 
derivatives  are  replaced  with  ordinary  derivatives.  It  is  seen  that  the  in- 
crease in  density  within  the  volume  is  inversely  proportional  to  the  volume 
and  the  differences  in  flow  rates  in  and  out  of  the  volume.  Aj  written,  the 
density  should  be  at  the  center  of  the  volume,  but  in  the  use  that  follows,  the 
density  change  is  taken  either  4+  me  left  or  the  right  end  as  required.  Line  5 
is  simply  a symbolic  change. 

Lumping  of  the  momentum  equation  proceeds*  similarly: 

1.  ^ (PAv)  = - ^ (pAv2)  - Ag  ^ (16) 

2.  (PAv)  » - Ag  §£  (17) 
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3. 


(18) 


? 


cR-w-tF  (Pi  - p2> 


4. 

5. 


_d 

dt 


*PT1  " PT2*  1 + 7 2 


y-i  .,2 

M 


jlL 


(y-i) 


If  Mj  = M2 


l™n“  KGALn  + 10  [PTn  * PV 


Lumping  of  the  energy  equations  follows: 

1.  ij-  (pAut)  = - (pAvH) 

2.  ft  (PCVT()  - - i ^ (W  cpT() 

3.  ^(PT,)  (W,Tt  j-W2Tt  j) 

4-  ^ <V?Tt>„  - 4 <TWV»n  ' * '*nTt,„  - Wt.  n+l> 


(19) 

(20) 


(21) 

(22) 

(23) 

(24) 


The  lumping  of  the  momentum  and  energy  conservation  equations  is  thus 
quite  similar  to  that  for  mass  conservation  equations,  although  less  conserva- 
tive assumptions  are  required  to  get  to  the  lumped  models. 


Reference  1 shows  that  the  steady-state  results  of  lumping  the  conservation 
equations  are  exact.  It  is  thus  to  he  expected  these  lumped  parameter 
approximations  are  exact  in  the  steady  state,  and  reasonably  good  over  a low- 
frequency  range.  The  approximation  would  be  poor  at  extremely  high  fre- 
quencies. 

Table  2 presents  a Fortran  listing  for  the  seventh  compressor  stage.  The 
listing  is  presented  at  the  top  of  the  page  and  then  embellishments  are  pro- 
vided at  the  bottom.  Amplification  is  shown  on  five  computer  lines  where  the 
nature  of  the  computation  and  of  approximations  are  indicated.  The  assem- 
bling of  the  experimental  steady- state  characteristics  and  the  dynamics 
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through  the  interstage  volume  do  provide  a plausible  dynamic  simulation  for 
the  compressor  stage.  Results  presented  in  Reference  1 compare  test  and 
model  data. 


One  of  the  things  that  should  be  noted  in  the  compressor  model  is  that  for 
each  stage  of  the  compressor  there  are  three  orders  cf  differential  equations. 
The  roots  cf  the  typical  stage  will  consist  of  a complex  pair  and  of  a single 
damped  root.  The  lightly  damped  complex  pair  can  be  associated  with  organ 
pipe- type  resonance. 

The  other  stager  of  the  compressor  are  modeled  quite  s’milarly  to  that  for 
the  seventh  stage.  There  are  some  differences,  however,  as  indicated  in 
Table  3.  Special  considerations  must  be  made,  for  instance,  at  stage  1 to 
provide  for  flow  matching  with  inlet.  Also,  since  the  inlet  guide  vanes  affect 

p 

this  characteristics  of  the  first  stage,  the  first  stage  is  a function  not  only 
of  flow  but  of  the  inlet  guide  vane  position.  From  stages  3,  4,  and  5,  there 
can  be  bleed  flow  if  the  bleed  valves  are  open.  The  equation  for  the  bleed 
flow  Is  indicated  in  Table  3.  This  equation  assumes  that  the  airflow  through 
the  bleed  valves  is  choked.  Bleed  increases  the  flow  through  the  early  com- 
pressor stages  and  therefore  increases  the  stability  of  operation.  There 
must  be  special  considerations  made  at  the  outlet  of  the  last  stage  to  match 
the  characteristics  with  the  combustion  can. 

Compressor  control  problems  Include  stall,  surge,  and  flutter. 

Compressor  stall  is  much  like  wing  stall  in  that  the  blade  sections  of  the 
compressor  may  enter  into  the  stall  region.  For  the  compressor,  the  prob- 
lem is  seriouB  because  it  reduces  the  efficiency  of  the  compressor  and  will 
ultimately  lead  to  higher  temperatures  and  mare  deleterious  conditions 
throughout  the  engine.  The  stall  may  be  steady  or  unsteady  and  it  could  be 
one-,  two-,  or  three-dimensional.  Since  one- dimensional  assumptions  have 
been  used  here,  the  two-  and  three-dimensional  types  of  stall  are  not 
modeled. 


\ 
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Surge  produces  o*3 dilations  in  the  compressor  outlet  pressure,  PT3.  The 
magnitude  of  this  oscillation  may  build  up  to  such  a large  value  that  the  air- 
flow through  the  compressor  is  reversed.  Surge  may  occur  if  the  sign  of 
dip  /d0  is  positive.  Decreasing  pressure  ratio  or  increasing  airflow  inhibits 
tendencies  toward  surge. 

Compressor  blade  flutter  can  be  a problem,  though  it  is  not  one  on  the  J85- 
13  engine.  The  presence  of  blade  flutter  could  require  special  restrictions 
on  compressor  pressure  ratio  and  airflow;  these  restrictions  would  be 
similar  to  stai- surge  limitations. 

Surprisingly,  both  the  steady- state  and  dynamic  characteristics  of  the  turbine 
are  modeled  differently  than  for  the  compressor  stages.  There  is  much 
more  cross  coupling  in  the  steady-state  characteristics,  and  it  is  considered 
feasible  to  neglect  the  gas  dynamics  within  the  turbine  stage.  The  latter  is 
feasible  because  of  the  higher  frequencies  erf  the  gas  dynamics  and  because 
the  gas  turbine  is  operating  in  a more  favorable  stability  range  than  is  the 
compressor.  It  will  be  shown  later  that  the  Hartog  stability  condition  for  the 
turbine  is  inherently  favorable;  this  is  one  of  the  reasons  that  the  interstage 
turbine  dynamics  can  be  neglected. 

Figure  7 presents  a stage  map  across  two  stages  of  the  turbine.  These  data 
could  be  approximated  with  digital  techniques  but  not  very  easily.  The  math 
model  was  originally  developed  by  NASA  for  analog  simulation.  Analog 
simulation  of  the  data  in  Figure  7 would  be  practically  impossible.  NASA 
developed  a simplification  of  the  data  in  Figure  7,  and  the  results  ar*  shown 
in  Figure  8.,  The  latter  shows  that  the  steady- stale  turbines  character  istics 
can  be  approximated  with  two  two-dimensional  functions. 

The  simplification  that  was  necessary  fer  analog  simulation  also  makes  it 
considerably  easier  for  digital  simulation. 
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Figure  8 shows  that  the  Hartog  stability  criterion  is  inherently  satisfied  by 
the  turbine.  The  partial  derivative  of  bPT5/bW5  with  respect  to  the  flow 
through  tl’.s  turbine  is  negative  over  the  entire  operating  range. 


The  exhaust  nozzle  is  modeled  with  steady-flow  equations.  The  nozzle  may 
run  choked  or  unchoked,  so  both  of  these  conditions  need  to  be  provided  for. 
For  mathematical  reasons,  it  is  necessary  to  set  up  the  equations  so  that 
gas  flow  in  the  tailpipe  cannot  be  reversed.  The  nozzle  simulation  is  pre- 
sented in  Table  4. 


The  rotor  acceleration  is  simply  the  sum  of  the  imbalanced  torques  across 
the  rotor,  i,  e. , the  sum  of  the  torques  or.  the  compressor  and  on  the  turbine: 


IW  = Sl 


& - u (Sl)  = J*£  (W*  AH) 


(1/N)  Sw  AH 


= IkSPEED]  * (1/N)  * CDLWHT  - DLWHC] 


where 


DLWHT  = HB  * WT  + HCD  * WTC  - HT  * WN 


DLWHC  = HCD  * W€D  + 0.  24  (WBLTBL  - TVO  * WDO) 


The  simulation  has  other  "goodies"  as  listed  in  Table  5.  The  functions 
TFNH  and  PROCOM  model  real  gas  effects  at  high  temperature  and  are  used 
in  the  high- temperature  sections  of  the  engine.  The  subroutine  (function) 
EFFB  models  the  heat  release  from  the  fuel  as  a function  of  operating  condi- 
tions within  the  burner  can.  Heat  storage  capacity  in  the  combustion  can  and 
turbine  introduce  another  state,  TM,  which  is  referred  to  as  thermal 
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capacitance.  This  effect  is  a single  addition  that  Honeywell  added  to  the 
NASA  model.  It  is  a first- approximation  to  long-time  thermal  constants 
which  are  known  to  be  present  in  the  engine.  Volume  IQ  of  this  report  indi- 
cates that  the  thermal  capacitances  modeled  are  no.  very  accurate.  Their 
inclusion  in  the  model  is  considered  to  be  desirable  in  that  the  very- low- 
frequency  effects  help  in  designing  integral  controls  to  provide  setpoint 
accuracy. 

Now  we  can  turn  to  the  section  of  the  program  that  provides  a digital  simula- 
tion for  the  burner,  turbine,  nozzle,  and  rotor.  This  is  shown  in  Table  6. 
The  table  has  been  embellished  with  comments  to  the  right  of  the  Fortran 
statements.  With  the  previous  comments  and  with  these  embellishments,  the 
reader  should  be  able  to  ascertain  the  gist  of  the  simulation.  In  getting  from 
line  279  to  281.  the  following  will  be  helpful: 

^ (pAUt)  = - -jj—  (pAvH)  (Energy  equation  w/o  heat  addition)  (31) 


4 <PCyTt)  « - i <WCD  HCD-  WB  Hg)  (32) 

£(PH)  - £ <WCD  Hcd  - WB  Hgt  (33) 

dHp.  y , . iip  . • 

-ar-  ■ v7"  <WCD  hcd  - wbV  - vT  (WCD-  V (Uses  conlinu“y)(34) 


V • * • 

-St  ■ tr  (WCD  HCD  + WF  * 18650  * - WBHB> 


y ■■■  (WCD  + WF  - WB)  (Heat  and  mass  addition) 
PB 


411 


1 
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but 


i 

i 


J L RT 


,-2:RZa 

vrpb 


j(y-D  cnT 


V PT 


pjg.  _ jjy-n  hb 


_ J(y-i) 
144  v 


H B Hr 

= (KVOLB)  =5. 
B PB 


(36) 


Therefore, 


= (KVOLB)  ^ [wCDHCD  + Wp  * 18650* rig.  MHg-i (WCD+Wp- Wg) 

(37) 


Now  use  Line  279  in  Equation  (37)  and  get  Line  281: 


dH 


B _ ^B 


dt 


PB  - KVOLB  |-™J  (WCD  + Wp  - WB) 


(38) 


Table  6 for  burner,  turbine,  nozzle,  and  rotor  contains  six  orders  of  differ- 
ential equation.  It  includes  the  dominant  dynamics  for  the  spool,  for  the  tail- 
pipe, and  for  the  combustion  can.  For  the  listing,  the  thermal  capacitance 
effects  had  not  yet  been  added.  The  details  of  those  can  be  seen  in  the  com- 
puter listings  as  provided  in  Appendix  A of  Volume  n. 


Actuators 

Models  of  the  actuators  are  presen  led  in  Table  7. 

Two  models  of  the  fuel  valve  dynamics  were  used.  The  first  uses  a first- 
order  lag.  The  second  model  was  developed  by  personnel  of  the  Energy 
Controls  Division  of  Bendix. 
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First-order  representations  were  used  for  the  IGV  and  bleed. 

The  exhaust  nozzle  is  operated  through  a clutch  brake  system.  The  second- 
approximation  shown  is  quite  accurate,  although  it  does  neglect  clutch  dy- 
namics and  slippage.  For  control  synthesis,  the  linearized  first- 
approximation  was  used. 


Disturbances 


Controls  were  designed  for  two  kinds  of  disturbances:  command  (pilot)  and 
inlet  buzz. 


For  control  synthesis  and  analysis,  there  is  a component  of  the  state  (P) 
called  power  lever.  Power  lever  position  is  taken  to  range  betw  '-en  0 and  1 
and  vary  linearly  with  commanded  spool  speed;  e.  g. , 1 corresponds  to  a 
command  of  100  percent  spool  speed.  Where  perturbation  control  only  is 
being  considered,  a value  of  P corresponds  to  a perturbation  from  trim.  For 
synthesis  purposes,  the  power  lever  position  is  modeled  by 

P = -4.0  P + 0.028241 -n  (39) 

The  engine  inlet  duct  is  an  organ  pipe.  It  may  resonate  to  yield  nearly 
sinusoidal  pressure  variations  at  the  compressor  face. 

Duct  buzz  is  modeled  with  the  following: 

f A-  T r 1 

PT  2 I 0 +1.0 

^DUM  J L-900.0  -6.0. 

rv 

With  this  model,  PT  is  nearly  sinusoidal  with  a frequency  of  30  radians  per 
second,  an  amplitude  of  0. 4 x 14. 7=5.  88,  and  an  rms  value  of  4. 16  pounds 
per  square  inch. 


PT  2]  / 0 1 

> + \ r ti  (40) 

dumJ  [432.09) 
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Sensors 


Spool  speed,  pressure,  and  burner  temperature  sensor  dynamics  were 
considered. 

The  spool  speed  sensor  on  thu  APL  wind  tunnel  test  J85  has  flat  dynamics  to 
beyond  100  Hz,  Transfer  dynamics  were  therefore  taken  to  be  1. 

Dynamic  representations  for  the  pressure  sensors  (P3  and  PT5)  should  in- 
clude the  effects  of  both  the  transducers  and  the  transmission  lines.  Natural 
frequencies  of  the  transducers  (used  in  the  APL  wind  tunnel  tests)  are  greater 
than  10,000  Hz.  APL  estimates  of  transmission  line  dynamics  show  very 
small  effects  at  frequencies  below  100  Hz.  Since  the  design  passband  for  the 
wind  tunnel  controller  was  to  be  below  5 Hz,  the  dynamics  for  the  pressure 
sensors  were  neglected;  i.  e. , the  transi  functions  were  taken  to  unity. 

In  the  final  math  models  used  to  design  the  controllers  for  wind  tunnel  test, 
there  appeal  to  be  dynamics  associated  with  the  P3  and  PT5  pressure  sensors: 
first-order  lags  with  time  constants  of  0.  020  and  0.  025  Becond,  respectively. 
Filtered  white  noise  is  also  added.  These  dynamics  are  crude  attempts  at 
trying  to  compensate  for  the  final  drastic  approximations  made  to  the  engine 
math  model.  The  0.  020-  and  0.  025- second  time  constants  are  associated 
with  the  combustion  can  and  tailpipe  fill  dynamics.  The  added  noise  simulated 
pressure  fluctuations  due  to  combustion  and  aerodynamics. 

The  sensor  for  burner  temperature  is  fluidic  (a  sonic  whistle).  Its  response 
is  given  by 


TT4W=  ji+V-3  + <4‘> 

where  k,  t^,  and  Tg  are  functions  of  burner  pressure  PT4.  TT4  sensor 
(whistle)  characteristics  are  listed  below: 
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TT4  Sensor  ("Whistle)  Characteristics 


N% 

PT4-pbi 

Jc 

Tj  ~ sec 

t„  ~sec 
-jS 

50 

24.5 

0.50 

0.  020 

30,  0 

70 

39.0 

0.53 

0.  020 

17.0 

85 

58.  5 

0.56 

0.  020 

10.  0 

100 

100.0 

0.  60 

0.  020 

8.  C 

The  functional  dependence  !.s  on  PT4;  the  values  of  N shown  correspond  to  the 
values  of  PT4  when  the  engine  is  operating  near  its  temperature  limit. 

Combustion  temperature  contains  a highly  fluctuating  component  (Reference  3). 
This  component  was  arbitrarily  taken  to  be  a part  of  the  sensor  system.  The 
sensor  representation  then  becomes 


TT4'V 

0 

1.0  1,0 

TT4W 

Ji  + 
T1 

(1  - k> 
T2 

0 

WDUM 

1 

Ji  + j.!  o 

WDUM 

:±L 

- fl-'S 

rT4  + 

o 

' (t1,(t2> 

>1  T»l 

<ti 

V 

. 

X13 

0 

0 <O.20K:5> 

X13 

0 

G2(13,4) 

(42) 


The  root  at(-o.  20E+5)  is  an  eyeball  estimate  for  the  bandwidth  of  the  com- 
bustion noise.  The  coefficient  G2(13,  4)  is  adjusted  during  design  work  so  that 
the  rrr.s  value  of  TT4W  is  on  the  order  of  tens  of  degrees. 


It  vs  clear  from  Equ  .41)  that  TT4W  is  a poor  dynamic  approximation  to 
TT4,  A lead- lag  filter  oi  TT4W  will  yield  an  approximation  to  TT4  that 
corresponds  to  lagging  TT4  by  0.02  second;  i.e. , take; 


M10  = 


t2*s  + 1 

k*T2*s  f-  1 


TT4W 


(43) 
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Then 


Mio  » ^ /Tl»s»a-1k)4y^*g+.llj  /jr2*c±l  iTT4 

mi0  tI^s  + 1 l t$*s  + I Mk*T2*e-MJ  1 


m) 


TT4 

Tl*S  *f  1 


(44) 


This  filtering  is  realized  with 

*“>- -tak)  x10+(f?2ITT4W  <«> 

MIO  = (£)  TT4W  + (l  - £)  XIO  (48) 

For  the  linearized  design,  the  coefficients  in  Equations  (45)  and  (48)  are 
taken  to  be  the  constant  values  shown  in  the  tabulation  of  TT4  sensor  (whistle) 
characteristics.  For  wi^d  tunnel  test,  the  coefficients  were  scheduled  with 
P3  (taken  to  be  an  acceptable  approximation  to  PT4), 

The  above  whistle  filter  was  "designed"  by  a classical  technique.  It  may  be 
wondered  why  optimal  methods  were  not  used,  since  this  is  a contract  for 
optimal  control  design.  The  answer  is  that  there  is  a subsequent  optimization 
and  simplification.  It  was  considered  to  be  unlikely  that  an  extra  optimiza- 
tion step  would  have  yielded  significantly  superior  dynamic  performance. 


CONTROL 

We  now  have  an  engine  model  and  we  know  the  objectives  for  jet  engine  con- 
trol. Tables  8 and  9 summarise  the  characteristics  of  the  model.  From  the 
summary  data.  Table  8,  it  i3  seen  that  the  model  order  is  very  high,  there  is 
a very  wide  frequency  spread,  and  there  are  significant  nonlinearities, 
including  bounded  phase  constraints.  There  are  multiple  controls.  These 
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things  make  it  appear  that  the  control  design  job  is  a rather  formidable  one. 
The  formidabiiity  is  more  apparent  than  real.  The  control  syrithee.s  job  Lb 
tractable  because  the  design  is  dominated  by  one  significant  nonlinearity  of 
first  order  and  the  remainder  of  the  dynamics  can  be  considered  secondary. 

The  comments  in  Table  8 on  the  accuracy  of  the  model  are  engineering  judg- 
ments based  in  part  on  the  design  synthesis  and  wind  tunnel  tests  at  APL. 

For  more  detail  one  should  refer  to  Volume  III  of  this  report  and  to  Refer- 
ence 1. 

The  rough  control  passband  requirements  indented  in  Table  8 start  to  give  a 
clue  as  to  why  the  engine  control  synthesis  task  is  tractable.  It  is  seen  that 
the  command  requirements  are  only  over  a passband  from  zero  to  15  radians 
per  second.  The  engine  dynamics  over  the  lS-radlar-^r-second  passoand 
(cf  Table  9)  are  of  relatively  low  order. 

If  disturbance  control  or  dynamic  surge  recovery  control  are  necessary, 
passband  requirements  are  raised  to  at  least  200  radians  per  second.  The 
order  of  the  model  containing  all  frequencies  below  200  radians  per  second 
is  high. 

At  this  time,  we  had  an  engine  model  and  a plan  for  use  of  the  model  in  control 
synthesis,  Control  synthesis  went  in  broad  outline  as  planned;  there  were 
traumatic  changes  in  detail  due  to  model  problems. 

Those  experienced  in  building  and  using  models  will  recognize  the  gore  of  a 
typical  engineering  application,  A few  words  of  explanation  will  be  offered 
for  the  neophyteB,  The  situation  started  as  it  usually  does.  The  analog  model 
had  been  designed,  built,  tested,  and  favorably  compared  with  engine  test 
results,  What  could  possibly  go  wrong?  Two  kinds  of  model  problems 
emerged;  usage  and  conversion. 
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This  model  was  designed  with  particular  user  applications  in  mind.  This 
permitted  particular  exploitations  for  simplicity.  An  example:  The  NASA 
model  essentially  assumes  the  exhaust  nozzle  will  be  driven  on  the  Bill  of 
Material  (BOM)  schedule.  Engine  perturbation  response  with  this  built-in 
hypothesis  is  different  than  when  the  exhaust  nozzle  is  taken  as  an  independent 
variable. 

Honeywell  acquired  the  digital  version  of  the  model  while  it  was  being  con- 
verted from  analog  to  CSMP  language;  Honeywell  converted  this  to  Fortran. 
Typical  of  the  exasperating  little  problems:  Honeywell  initially  left  the  inte- 
gration statements  for  Fortran  where  they  appear  in  CSMP.  Until  the  inte- 
gration statements  were  moved,  the  Fortran  version  had  markedly  less 
high-frequency  stability.  More  serious  was  compressor  model  instability  at 
the  normal  60- percent  operating  point.  This  anomaly  was  not  resolved  during 
the  contract  period. 

Honeywell  used  four  models  diming  the  contract  period: 

• The  complete  model 

e The  disturbance  model 

• The  wind  tunnel  design  model 

e The  steady- state  model 

The  steady- state  (trim)  is  a part  of  all  models  and  is  a user  option  (cf  Appen- 
dix A).  "Trim"  data  were  obtained  at  steady  state  and  under  accelerated 
conditions  by  artificially  loading  the  compressor  shaft.  This  permits  trim 
near  the  surge- stall  boundary. 

The  complete  model  (by  staying  away  from  60  percent)  was  used  for  qualitative 
studies  and  for  sensitivity  studies  to  inlet  disturbances.  Frequency  response 
tests,  for  example,  showed  mild  resonance  peaks  near  40  radians  per  second 
(tailpipe  resonance). 


It  was  the  intention  to  use  the  complete  model  to  determine  the  surge- Btall 
boundary.  Because  of  the  unresolved  anomaly  at  60  percent,  the  Hartog 
criterion  for  the  steady  state  was  used  instead.  It  was  also  the  intent  to 
design  controllers  for  lower-order  representations,  but  to  test  them  using 
the  complete  model.  This  had  to  be  abandoned. 

The  disturbance  model  is  the  complete  model  with  the  compressor  dynamics 
truncated.  It  contains  gas  dynamics  of  the  combustion  can  and  tailpipe.  It 
was  used  for  the  disturbance  control  results  of  Section  III. 

The  design  of  the  conti  oilers  for  wind  tunnel  test  was  initiated  with  the  dis- 
turbance model.  We  ran  into  the  exhaust  nozzle  problem  previously  discussed. 

With  help  from  NASA  personnel,  we  got  a fix  on  the  exhaust  nozzle.  This 
was  late  in  the  contract  period.  To  minimize  the  probability  of  unnecessary 
problems  due  to  modeling,  we  truncated  all  gas  dynamics  to  obtain  the  wind 
tunnel  design  model.  This  was  permissible  because  the  wind  tunnel  could  only 
test  command  controllers,  and  command  passband  requirements  a~e  low. 


Synthesis 

The  control  synthesis  is  divided  into  three  tasks; 

• Setpoint  (steady- state  optimization) 

• Trajectory  optimization 

• Perturbation  control  optimization; 

- State  control  over  commands  and  disturbances 

- Control  for  wind  tunnel  test 
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To  separate  the  control  optimization  problem  into  the  three  parts  of  trim, 
trajectory,  and  perturbation  requires  an  underlying  set  of  simplifying  assump- 
tions. The  overall  assumption  is  that  the  optimization  problems  can  be 
separated  by  speed  of  response.  For  trim  optimization  this  is  certainly 
valid;  the  engine  operates  for  long  periods  in  steady  state.  Trajectory  opti- 
mization considers  those  frequencies  or  transient  times  which  are  comparable 
to  the  transient  times  of  the  dominant  dynamics  of  the  .ngine.  For  a single- 
spool engine  (with  matched  actuators,  such  as  the  J85),  this  characteristic 
response  time  is  that  for  the  spool.  For  the  J85,  and  other  single- spool 
engines,  the  single  significant  nonlinearity  cf  the  engine  can  be  associated 
with  the  spool. 

Of  the  three  optimization  tasks  that  generally  need  to  be  accomplished  for 
optimal  control  design,  only  the  third  was  accomplished  under  this  contract 
effort.  For  setpoints,  the  General  Electric  trim  data  were  used  with  a 
revised  exhaust  actuator  schedule  determined  under  a previous  Honeywell 
program.  The  trajectory  optimization  was  accomplished  under  simplified 
assumptions.  The  assumptions  were  permissible  because  of  the  simplicity 
of  the  J85  engine  and  because  some  of  its  ancillary  equipment  (IGV,  bleeds, 
and  exhaust  actuator)  have  been  matched  by  General  Electric  to  the  response 
characteristics  of  tht  engine.  Extensive  perturbation  control  optimization 
was  performed. 

A consequence  of  the  trim  optimization  was  the  determination  of  the  steady- 
state  and  ancillary  actuator  schedules.  These  schedules  are  presented  in 
Figure  9. 

F'gure  10  clearly  shows  why  trajectory  optimization  is  not  a difficult  problem 
for  the  J85,  For  example,  assume  that  on  a standard  day  it  is  desired  to 
accelerate  the  engine  from  95-percent  operating  speed  to  100-percent 
operating  speed  in  minimum  time.  In  Figure  10,  the  engine  would  initially 
be  at  point  A with  N and  a fuel  flow  of  2000  pounds  per  hour.  The  fuel  flow 
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should  be  increased  as  quickly  as  possible  to  about  3000  pounds  per  hour 
which  will  put  the  engine  in  point  B where  it  is  run  into  the  TT4  temperature 
limit.  At  this  point,  N is  at  the  maximum  positive  value  and  spool  speed 
will  accelerate  at  5000  rpm  per  second.  The  trajectory  will  then  follow  from 
point  B to  point  C,  with  the  fuel  f’.ow  being  increased  slightly  during  this 
period  of  time,  and  at  point  C,  the  engine  is  ope  rating  at  100  percent.  The 
fuel  flow  will  then  be  decreased  to  3000  pound3  per  hour  tc>  again  reach  the 
equilibrium  now  at  100-percent  operating  speed.  By  doing  it  in  this  manner, 
it  is  clear  from  the  figure  that  the  engine  speed  will  have  been  charged  in 
minimum  time  subject  to  the  constraint  that  the  TT4  will  not v 2 exceeded. 

With  different  operating  temperatures  or  a different  TT4  operating  limit,  the 
TT4  could  bo  so  far  to  the  right  tt  would  not  be  a limiting  condition.  Taking 
the  same  problem  as  previously,  instead  of  moving  from  point  A to  point  B, 
we  move  from  point  A to  point  B ' , which  would  be  near  the  surge- stall 
boundary  of  the  engine.  The  fuel  flow  would  then  be  Increased  to  follow  along 
the  surge  boundary  to  get  to  point  C ' , at  which  point  engine  speed  would  be 
100  percent  and  then  fuel  How  would  be  decreased  to  3000  pounds  per  hour  to 
bring  the  engine  back  into  equilibrium. 

Similar  conditions  hold  for  maximum  deceleration  as  limited  by  the  fiameout 
boundary, 

Figure  11  shows  an  engine  map.  Here  the  trajectories  can  be  plotted  and 
viewed  in  more  detail.  The  points  (A,  B,  B \ C,  C *,  and  D)  of  the  previously 
discussed  trajectory  are  labeled. 

Trajectory  optimization  for  the  J85  engine  has  just  been  discussed.  The 
trajectory  optimization  is  both  modern  and  classical.  The  answers  obtained 
are  the  same  that  would  be  obtained  by  the  classical  control  designer  and  are 
the  same  that  would  result  from  the  use  of  modern  trajectory  optimization 
techniques.  Under  the  assumptions  made  here,  no  fancy  mathmetics  are 
required. 


Perturbation  design  might  be  effected  in  one  of  two  ways:  t ree-varying  or 
time* invariant.  Each  offers  advantages.  Both  are  tractable.  From  the 
theoretical  point  of  view,  one  should  chose  the  time-varying  method  in  that 
there  are  no  major  assumptions  necessary  in  developing  the  controller.  One 
could  be  assured  that  with  the  techniques  currently  available,  good  control 
would  be  achieved.  The  disadvantages  in  using  the  time- varying  synthesis 
for  perturbation  controls  are  twofold.  First,  perturbation  design  costs  are 
much  higher  because  controls  must  be  synthesized  for  a linear  time-varying 
system.  Second,  implementation  costs  would  be  considerably  more  in  that 
families  of  time- varying  trajectories  would  have  to  be  stored  within  the  com- 
puter to  provide  the  closed- loop  control  function. 

Perturbation  design  for  constant  coefficient  representations  is  both  simply 
synthesized  and  easily  implemented.  Speed,  surge-stall  (PT3/PT2),  and 
temperature  (TT4)  perturbation  feedbacks  are  determined  at  four  different 
operating  speeds  <50,  70,  85,  and  10C  percent)  along  the  equilibrium,  surge- 
stall,  or  maximum  tempercture  lines.  Nonlinear  control  is  realized  by  gain 
scheduling  with  speed,  adding  trim  fuel  flowB,  and  by  selecting  which  of  the 
three  controllers  is  in  command  by  using  the  one  for  minimum  fuel  flow.  To 
prevent  flameouts,  a minimum  fuel  flow  (open- loop  In  the  present  case)  limit 
is  added.  Table  10  and  Figure  12  present  equations  and  schematics. 

Perturbation  control  synthesis  was  by  "quadratics":  computer  programs 
developed  from  quadratic  control  theory.  Two  programs  were  ujed:  state 
and  simple.  State  control  has  a gain  matrix  that  feeds  back  every  component 
of  the  state.  Simple  control  permits  only  sensor  feedbacks.  State  control  is 
unique  and  is  used  for  initial  studies.  Simple  control  is  generally  not  unique 
but  is  made  so  in  our  applications,  starting  the  si  amplification  from  a unique 
state  control.  Simple  control  is  practical:  mechanizable. 

State  optimization  determines  what  performance  can  be  obtained  from  the 
system  under  idealized  conditions.  The  simple  optimization  then  determines 
a simple  control  structure  that  both  achieves  the  performance  necessary  and 
the  simplification  desired. 
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The  state  control  optimization  problem  is  presented  in  Table  11.  The  linear 
modei  is  obtained  by  using  the  linearizer  (Appendix  A)  on  the  nonlinear  model 
to  obtain  the  J85  engine  states  and  responses.  Actuator,  sensor,  and  dis- 
turbance are  added  to  these  by  the  designer.  The  response  vector  permits 
evaluating  components  not  in  the  state  (such  as  PT3)  and  makes  it  easy  to 
enforce  design  requirements  (such  as  the  PT3  response  will  be  first-order 
with  a 0. 1-second  time  constant).  The  control  designer  picks  a Q matrix. 
The  optimization  procedure  calculates  the  gain  matrix  K and  presents  results 
for  evaluation.  Tf  performance  is  faulty  in  some  respect,  a new  weighting 
matrix  Q is  chosen  and  the  procedure  repeated. 

Simple  optimization  (Reference  4}  is  presented  in  Table  12.  In  this  optimi- 
zation problem,  forms  for  filters  and  the  feedbacks  are  specified.  The 

* 

optimization  procedure  then  determines  the  feedback  matrix  gain  K . 
Appendix  D presents  a dezivation  of  the  algorithm. 

Most  of  the  components  (PT3,  TT4,  N,  WFV)  in  the  response  vector  are 
naturally  arrived  at.  To  add  a component  that  will  make  achieving  a 0. 1- 
second  PT3  response  to  power  lever  and  stable  integral  control  requires  a 
little  effort.  Table  13  summarizes  how  to  augment  the  state  to  get  integral 
control  and  how  to  augment  the  response  vector  to  get  the  desired  response. 
This  is  an  abridgement  of  Appendix  C. 


Frequency  Response 

In  Section  IV,  three  sets  of  frequency  response  plots  are  presented:  closed- 
loop,  conventional  actuator  open- loop,  and  gain- breaking  open- loop.  In 
FLgure  13,  these  correspond  to: 

• Closed- loop:  u/r  with  all  loops  closed 

A 

• Actuator  open- loop:  u/u  with  the  loop  broken  at  a and  r = 0 

e Gain-breaking  open- loop:  u^/u^  with  the  loop  broken  at  (3 
and  r = 0 


31 


► FUEL  (WF) 

► EXHAUST  AREA  (A8) 

Figure  2.  A Simple  Jet  Engine  (J85-13,  3000- Pound  Class) 


¥ 


«- 
MX  - 


Figure  4. 


Correct*  Might  How,  *i/StWl,  kgiun’Xuc) 

1111 I I I I I 


5 W IS  20  75  JO  # 40  45 

Corrected  wotjht  now,  AV®UAI.  Ih»l(ttzlivxl 

Compressor  Axial  Flow  Velocity  Goodness  of 
Approximation— Typical  Air  Velocity  Computation 


36 


b.  Turbine  Normalized  Flow  Characteristics 
Figure  8.  Two-D  Turbine  Functions 
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Figure  9.  Steady*  State  Actuator  Schedules 


Surge-Stall 

Boundary 


N — Flameout  boundary 

85  Trajectory  Optimization  (Nominal  IGV,  Bleed,  and  A8) 


Table  2.  Seventh  Compressor  Stage  (Typical) 


Description 


PV7  = KVOLG7>*  TWV7 
RTH6  = SQRT<TV6/518.7) 

NC7  = N/RTH6 
DELS  = PV6/14.7 

FP7  = WD7  * RTH6/(DEL6  * A(17)) 

VZT7  = KA(7>  + KA(17)  * FP7  + KA(27)  * FP7  * FP7 
PHI7  = V ZT7  / (KR AD(7 ) * NC7) 

PSIP7  = FUNi(15,  PHI7,  27) 

PD7  = PV6  * (1.+  PSIP7  * KNR(7)/TV6)  **  3.5 
WD7DT  = KGAL{17)  * (PD7  - PVT) 

WD7  = INTGRL.(IC WD7 , WD7DT) 

WV7DT  = WD7  - WD8 

WV7  = INTGRUICWV7,  WV7DT) 

TV7  = TWV7/WV7 

PSIT7  = FUNK  16,  PHH,  29) 

TD7  = TVS  + KNR<7)  * PSIT7 

TWV7DT  = 1.4*  (TD7  * WD7  - TV7  * WD8) 

TWV7  = INTGRLUCTWV7.  TWV7DT) 

Pt(V7)  = R * ptTt  - R * P * Tt  = (R/V)  * (VpTt,  = KVOL  * (TW  '7) 
fp7  = *ie  /{A  * C)  - W *'i»t  /(A  * «t) 

07  = (vz/Vs) /(u lie)  = <vz )/<k * n /Ve  > 

r 1y/o-i) 

PD7  = PV8  [l  + c~^vgj] 


ir/O-D 


= PV6  1 + 


*PUt2 
2 gJCp(TV6) 


y/(y-i) 


= PV6  1 + 


. P|i|2  Uen  2 

^ ii2 ) nnn 

2 gJCp(TV6)  J 


y/<y-i> 


\ *P  r2N2n2 
PV6  ll  + mTTc  ^T“ 


8(2  R><360> 


Ttc.  7 = Ttv,  6 + ih'CP 


*TUT2 


Ttv,  6 + Cp2gJ 
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Table  3.  Typical  Compressor  Stages 


Stage 

Function 

1 

Flow  matching  with  aircraft  inlet 
Inlet  guide  vane 

3,  4,  and  5 

Bleed  controls: 

w».iaKbVid=^  J’3-4- 5 

V tv.j 

8 

Flow  matching  with  combustion  chamber 

Table  4.  Nozzle  Flow.  * Based  on  1-D  Isentropic  Nozzle  Flow 
With  a Contraction  Coefficient.  Stagnation  Pressure 
and  Temperature  are  Taken  as  PT5  and  TT5.  Nozzle 
Static  Pressure  is  Ambient. 


*cf  Burner  lines  283-285 


Table  5.  Additional  Features 


Feature 

Description 

1 

Function  TFNH  computes  t£F/A,  H]. 

2 

Subroutine  PROCOM  computes  H[F/A,  T], 

3 

EFFB  calculates  heat  release  as  a function  of  the 

product  of  PT4  and  temperature  across  the  burner. 

5 

l 

| 

i 

\ 

t 

t 


Heat  storage  in  the  combustion  can  and  turbine  introduce 
another  state  TM  with  a long  time  constant. 


Table  6.  Burner,  Turbine,  Nozzle,  and  Rotor  Simulations 
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Table  7.  A ctua tor  Equations 


Actuator 


Equation 


First  approximation: 

Wf  = -62.  5 Wf  + 62.  5 uf 

Second  approximation: 

y4  = -3546.  2 y3  - 301  y4  - 5.  9127  uf 

y3  = +io  y4 

y2  = +3.  1333  Wf  - 50.  384  y2  + 1880  y3 
Wf  = -5040  y2 

Roots  (u,  ?)  = (126,  0.2),  (188.  2,  0.8) 


Inlet  guide 
vane 


Bleed 

position 


IGV  = -5.0  IGV  +5.0  uT 


B'LD  = -2.0  BLD+2.0 


First  approximation: 

Ag  = -3.0  A8+  3.0  u. 


Exhaust 

position, 

A„ 


Second  approximation: 


+KN  if  (uA  - Ag)  ^4  in 
8 


0 if  -4  < (u.  -A„)<4in 

Ag  8 


-KN  if  (uA  - Ag)  « -4  in 
8 


where 


_ 0.  00325  in^ /sec 
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Table  8.  J85  Jet  Engine  Summary 


Parameter 


Order  of  model 


Root  spread 


Special  features 


Accuracy  of 
model 


Control  passband 
requirement  s 


Description 

70th-order 

e 0.  000001  to  30  sec 

• 50  to  5000  rad  /Bee 

e One  significant  nonlinearity  associated  with  spool  dynamics 

• One  minor  nonlinearity  associated  with  A8 

• Three  bounded-phase  constraints  vPT?-MAX,  TT4MAX,  TT4MIN) 

• Four  controls  <WF,  A8,  IGV.  BLD) 

• Foor  below  1 rad/sec  because  of  thermal  capacitance 

• Good  between  1 and  20  rad/sec 

• Poor  above  20  rad /sec  because  of  gas  dynamics 

• Command  0 to  15  rad/sec 

• Disturbance  0 to  200  rad/ sec 

• Surge  recovery  0 to  200  rad/sec 


Table  9.  J85  Bandpass  Characteristics 


Component 

Nominal 
Time  Constant 
(sec) 

Spool 

1.0 

Thermal  capacitance 

2.0 

PHiel 

0.  02 

A8 

0.3 

Bleed 

0.2 

IGV 

0.5 

Thermocouple 

1.0 

Whistle  | 

0.  02 
3.0 

Tailpipe 

0,  03 

Inlet 

0.03 

Combustion  can 

0,01 

Combustion 

0.  003 

Compressor 

0.  000001  to  0.  01 

Turbine 

0. 000001 
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Table  10.  Mode  Switching  Principle  (Fuel 
Flow  Only) 


Description 


Four  fuel  flows  are  calculated: 

= 111  ” mON^^  + ^NO^^ 

U„  = KQ[N]  m - Kp[N]  mop[N]  + U^CN] 


P P 


UT  = KtCn]  m - K^N]  mOTtNl  + Utq[N] 


aMIN  ' UMTNO^ 


One  is  used: 


U = Max 


wnere 


UL  = Min  Up 


Table  II,  Optimal  Quadratic 
State  Control 


Function 


Description 


Performance 

index 


Optimal 
control  law 


Performance 

measures 


u ~ Kjc 


Eigenvalues 
RMS  responses 
Transient  responses 
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Table  12.  Control  Simplification 
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Table  13.  Command  Response  Synthesis  (Rate  Model- Following 
With  Integral  Control  and  a Noisy  Pilot) 
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SECTION  ni 

COMMAND  AND  DISTURBANCE  CONTROL 


i? 


The  response  characteristics  of  the  J85  engine  with  controls  synthesized  to 
yield  both  good  command  response  and  insensitivity  to  inlet  buzz  disturbances 
and  shock  swallowing  are  presented.  The  results  show  that  engine  controllers 
could  be  designed  to  be  more  tolerant  of  installation  and  operating  anomalies 
than  is  current  practice. 

Command  and  disturbance  control  results  presented  in  this  section  are  of  a 
preliminary  nature.  Assumptions,  modeling,  and  testing  of  results  are 
idealized.  It  is  believed  that  based  on  the  results  presented  here,  and  on  the 
extension  of  comparable  results  in  other  applications  that  the  command  and 
disturbance  control  quality  indicated  here  can  be  obtained  in  practice. 


MOTIVATION 

Engine  controls  are  usually  designed  to  enforce  throttle  command  control: 
steady-state  spool  speed  as  a function  of  PLA  (power  level  angle)  and  good 
transient  spool  speed  response  due  to  PLA  commands.  Because  the  controls 
are  designed  only  against  command  requirements,  whatever  disturbance 
response  characteristics  are  achieved  must  be  accepted.  The  results  are 
engines  that  are  unnecessarily  sensitive  to  disturbances. 

Synthesis  of  engine  controls  to  provide  both  good  command  and  disturbance 
response  characteristics  would  increase  the  operating  flexibility  of  the  air- 
craft, alleviate  the  problems  of  engine  and  aircraft  integration,  and  reduce 
the  time  required  to  introduce  a new  aircraft  into  service.  The  latter  would 
be  made  possible  by  eliminating  a susceptibility  (to  inlet  buzz)  that  often 
occurs  with  new  aircraft. 


I 

} 
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In  this  section,  idealised  controls  are  synthesized  to  provide  good  command 
control  and  to  be  insensitive  to  inlet  buzz  and  shock  swallowing. 

Inlet  buzz  manifests  itself  as  a nearly  sinusoidal  pressure  variation  (PT2)  at 
the  compr  essor  face.  Buzz  is  generated  by  the  inlet  duct  which  is  much  like 
an  organ  pipe.  The  fundamental  buzz  frequency  is  inversely  proportional  to 
the  length  of  the  inlet  duct,  and  it  may  well  be  equal  to  that  of  maximum  engine 
susceptability.  Herein,  it  is  taken  to  be  at  30  radians  per  second  which  cor- 
responds to  a resonance  peak  for  the  open- loop  engine  (tailpipe  resonance). 

The  value  of  30  radians  per  second  could  occur  in  the  inlet  ducts  of  lengths 
used  on  fighter  aircraft.  The  amplitude  of  the  buzz  is  taken  at  0.  4 times  the 
steady- state  value  of  PT2.  An  amplitude  of  this  magnitude  can  occur. 

For  shock  swallowing,  the  disturbance  is  taken  as  a step  input  in  the  change 
in  PT2  at  the  compressor  face.  Results  to  be  presented  will  show  that  step 
changes  in  PT2  equal  to  the  steady- state  value  can  be  accommodated. 

In  this  section,  it  is  desired  to  show  that  controls  can  be  designed  to  be 
effective  for  both  commands  and  disturbances.  The  demonstration  is  not 
complete  in  two  respects:  (1)  the  controls  were  not  tested  on  an  engine,  and 
(2)  both  the  design  and  the  controls  are  highly  idealized.  The  reader  might 
legitimately  object  that  it  is  an  excessive  extrapolation  from  results  presented 
here  to  successful  realization  in  engine  hardware.  However,  it  has  been 
shown  in  a large  number  of  studies  and  in  several  hardware  applications  at 
Honeywell  that  successful  control  synthesis  at  the  level  demonstrated  here 
implies  comparable  results  will  be  obtained  in  more  complete  designs  and  in 
hardware.  That  is,  a successful  idealized  design  implies  that  comparable 
performance  can  be  effected  with  simple,  cost- competitive  hardware.  There 
is  a demonstration  of  this  in  the  next  section  of  the  reports  an  idealized  design 
is  first  executed  and  then  reduced  to  practical  ’.lardware  without  losing 
performance. 


In  the  results  to  be  presented,  two  pecuiariti.es  may  be  noted:  (1)  disturbance 
control  achieved  is  vastly  better  than  required,  and  (2)  high  (but  achievable) 
performance  actuators  are  used.  Why  wasn't  the  disturbance  control  perfor- 
mance degraded  towards  minimum  objectives  to  permit  using  cheaper 
actuators?  The  answer  is  that  the  results  presented  here  were  generated  in 
four  computer  runs  (one  for  each  operating  condition)  during  the  final  writing 
period  after  it  was  discovered  the  original  disturbance  control  specification 
had  been  incorrectly  set.  The  criterion  was  incorrectly  set  on  PT3  rather 
than  PT3/PT2,  By  making  one  computer  run  for  esch  condition  on  PT3/PT2, 
the  results  presented  were  generated.  The  results  aptly  demonstrated  the 
main  objective  "that  inlet  buzz"  need  not  unduly  affect  the  engine. 


MODELS 

The  J85  engine  has  significant  noniinearities,  particularly  with  respect  to 
spool  speed  but  also  with  respect  to  PT3  and  other  variables.  In  the  next 
section,  it  is  shown  that  a good,  nonlinear  command  control  system  can  be 
designed  by  first  designing  good  linear  controls  at  four  different  speed  points 
along  the  equilibrium  line  and  the  same  four  speed  points  near  the  surge- stall 
pressure  boundary.  The  nonlinear  control  is  then  simply  affected  by  linearly 
interpolating  feedback  gains  as  a function  of  speed  for  equilibrium  or  for  surge- 
stall  pressure  boundary  control. 

In  this  section,  it  is  assumed  that  if  good  linear  command  and  disturbance 
control  can  be  demonstrated  at  four  points  along  the  equilibrium  line,  good 
nonlinear  control  can  again  be  effected  by  gain  scheduling  with  speed.  There- 
fore, in  this  section,  controls  are  synthesized  at  four  points  along  the  equi- 
librium line  (50,  70,  85,  and  100  percent  of  maximum  spool  speed).  Hence, 
linear  models  are  required  at  these  four  operating  points. 
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The  linear  models  are  generated  in  state  vector  form: 
x = Fx  + <Gl)u  + <G2)r| 
r = Hx  + Du 


(50) 

(51) 


Nomenclature  are  presented  in  Table  1.  Table  14  defines  the  components, 
the  F matrices  are  presented  in  Tables  15  through  18,  G1  matrices  in 
Table  19,  G2  matrices  in  Table  20,  H matrices  in  Tables  21  through  24,  and 
D matrices  in  Table  25. 

Data  for  the  first  10  components  of  tha  state  vector  (x)  were  generated  by 
linearizing  the  nonlinear  component  model  (with  truncated  compressor- stage 
dynamics)  for  reasons  discussed  in  Section  II  and  accomplished  in  the  manner 
described  in  Appendix  A.  Compressor- stage  dynamics  were  truncated 
because  of  an  anomaly  in  the  model.  Without  the  compressor- stage  dynamics, 
the  pressure  ratio,  PT3/PT2,  across  the  compressor  is  an  instantaneous 
function  of  spool  speed.  An  approximate  correction  for  this  deficiency  is 
presented  later. 

The  11th  component  (EN)  of  the  state  vector  provides  for  integral  control  on 
spool  speed;  cf  Table  13  and  Appendi'.  C.  Computation  of  numerical  values  for 
F 11,  10  and  F 11,  21  is  presented  under  the  discussion  of  the  response  vector. 

First-order  control-actuator  representations  are  used  for  states  12  to  15. 

Time  constants  are  presented  in  Table  26  (and  also  in  Tables  15  through  18). 
Maximum  slew  rates  are  listed  in  Table  27. 


Duct  buzz  is  generated  by  states  19  and  20: 


rw 

PT2 

xl9 

r 

DUM 

x20 

‘ 

L 

xl9 

0 

+ 

x20 

432.09 

r]2 


(52) 
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With  this  model,  xl9  = P*?2  is  nearly  sinusoidal  with  a frequency  of 
30  radians  per  second,  an  amplitude  of  0. 4 x 14. 7=5. 88,  and  an  rms  value 
of  4. 16  lb/ in2. 

fw 

To  compensate  for  the  truncated  compressor  dynamics,  PT2  should  be 
delayed  about  0.  002  second.  This  delay  is  approximated  by  a zero/second 
Pade  approximate: 


1 

1 xl6 

0 

+ 

1000 

m 

( xl7 

500,  000 

x!6 500, 000 

xl9  s2  + 1000s  + 500,  000 


State  xl6  drives  the  bare  engine  model  (cf  F matrices,  column  16,  rows  1, 
2,  5,  10,  and  18). 

The  18th  state  (l4  - NM)  L is  introduced  to  inhibit  the  synthesis  procedure 
from  developing  controllers  with  too  large  a passband.  This  will  be  made 
clear  during  the  discussion  of  the  response  components. 

The  21st  component  (P)  of  the  state  is  the  power  lever.  In  this  report, 
power  lever  position  is  taken  to  range  between  0 and  1 and  vary  linearly 
with  command  spool  speed  (e.  g, , 1 corresponds  to  a command  of  100  per- 
cent spool  speed).  In  this  section,  where  perturbation  control  only  is  being 
considered,  a value  of  P corresponds  to  a perturbation  from  trim.  For 
synthesis  purposes  the  power  lever  position  is  modeled  by 


P = -4. OP  + 0.028241  rj 
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This  yields  an  rms  value  for  P = 0.  01.  The  model  tacitly  assumes  the  power 
lever  is  being  driven  by  the  pilot  in  a nervous  situation. 

The  response  vector  (r)  is  constructed  to  permit  the  synthesis  procedure  to 
enforce  desirable  response  characteristics.  It  is  desired  that  the  response 
characteristics  of  components  1.  2,  9,  10,  15,  and  16  (N,  EN,  TT4,  PT3, 

PR,  and  PRA)  bo  "nice"  without  excessive  values  for  components  3,  4,  5, 
and  6 (WFV,  A , IGV,  and  BLD).  Components  7,  8,  11,  12,  13,  and  14 
[(N-NM),  (N  - NM)l,  UWF,  UA8,  UIGV,  and  UBLD)]  assist  in  the  task. 

The  purpose  and  determination  of  all  components  except  7,  8,  15,  and  16 
should  be  clear. 

If  the  response  component  7 (N  - NM)  can  be  held  to  small  values,  the  engine 
spool  speed  will  respond  to  throttle  commands  like  a zero-over-first-order 
plant  with  a time  constant  of  0.  25  second.  This  is  the  rate  model- following 
scheme  of  Reference  5 as  generalized  to  integral  control  in  Reference  6. 
Construction  of  r7  is  outlined  in  Table  28.  First,  an  ideal  response  model 
is  constructed.  In  the  present  case,  xm  corresponds  to  the  ideal  spool  speed 
(N)  response;  because  of  the  approximation  made  in  rate  model-following, 
xm  is  not  added  to  the  state  vector.  The  integral  term  e does  appear  in 
the  state  as  EN  (the  11th  component).  As  noted  on  Table  28,  computation  of 
the  constants  a,  b,  c,  d,  and  f to  achieve  the  desired  first-order  response 
characteristics  is  presented  in  Appendix  C.  The  response  component  is  then 
constructed  by  assuming  that  xm  2=  xl  = N;  this  does  not  imply  that  xm  axl=N, 
In  the  present  case,  k = 7 and  n = 1.  Equation  (6)  of  Table  28  provides  the 
explicit  computation  for  r7. 

* • 

In  most  applications,  use  of  r7  = N - NM  in  the  control  synthesis  would  be 
sufficient  to  obtain  good  command  transient  characteristics  without  undesirable 
side  effects.  The  engine  model  contains  very  high-frequency  dynamics  (open- 
loop  roots  near  -10°),  Use  of  r7  results  in  a controller  with  an  excessively 
large  bandpass.  To  eliminate  this,  N - NM  is  lagged  with  an  0.  02- second  time 
constant  as  state  component  xl8  and  response  component  r8. 
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The  pressure  ratio  (PR)  across  the  compressor  is  PT3/PT2.  The  linearized 
perturbation  pressure  ratio  is 


3PR  = 3£X3  . PT30  3PT2  = ( i i 3PT3  , | PgO\ 

PT20  PT20  PT20  IPT20|  IPT20l  3PTZ  '56> 

Dropping  the  perturbation  symbols. 


For  sea  level  static,  PT20  = 14. 7 pounds  per  square  inch.  From  the  engine 
map  (Figure  11),  PRO  = 6.950,  3.978,  2.678,  and  1.669  for  N = 100,  85,  70, 
and  50  percent,  respectively.  PT3  = 1.981  TWCD  = (1.981)X1. 

Two  pressure  ratios  are  computed: 


rl5  = 


(58) 


(59) 


The  latter  is  considered  to  be  the  best  indicator  and  is  used  in  the  summary 
results  to  be  presented. 


DESIGN  OBJECTIVES 

The  control  design  objectives  are  to  effect  good  steady-state  and  transient 
command  control  and  to  make  the  engine  insensitive  to  inlet  buzz  and  shock- 
swallowing disturbances.  It  is  desired  that  these  objectives  be  met  within 
the  capabilities  of  the  BOM  (Bill  of  Materials)  actuator  capabilities.  Table  29 
lists  the  objectives  more  specifically. 
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Good  command  control  can  be  effected  with  the  BOM  actuators.  To  achieve 
both  good  command  and  disturbance  control  it  was  necessary  to  modestly 
decrease  the  bleed  time  constant  and  increase  its  slew  rate.  The  increased 
bleed  actuator  performance  is  easily  achievable. 


CONTROL  SYNTHESIS 

Control  synthesis  is  by  application  of  optimal  quadratic  control  theory  as 
discussed  in  Section  II  and  outlined  in  Table  11.  The  final  Q matrices  used 
are  presented  in  Table  30. 


RESULTS 

Gains,  roots,  rms  responses,  and  transient  response^'  -'_.  e presented  and 
discussed. 


Gains 


Table  30  presents  the  final  feedback  (Q)  matrices.  The  numerical  values 
appear  to  be  reasonable.  The  controller  should  not  be  overly  sensitive  to 
parameter  variations  and  should  be  physically  realizable. 

A rough  guide  for  judging  feedback  matrices  is  that  the  components  should 
have  magnitudes  small  relative  to  1.  With  the  usual  system  representations, 
if  the  gain  components  are  small  relative  to  1,  two  naturally  desired  results 
are  achieved:  1)  The  closed- loop  actuator  roots  are  near  their  open- loop 
values.  2)  The  system  gain  level  is  sufficiently  low  that  saturation  seldom 
occurs. 
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The  first-order  approximation  of  the  closed- loop  bleed  actuator  root  is 

root  15  5r  F15i15  + <G115i4)»(K4j15)  <6o) 

« -2.0  + 2.01-19. 153)  = -40.306  ‘‘ 

where  the  numerical  values  are  for  the  100-percent  case.  It  will  be  shown 
later  that  this  first-order  approximation  is  reasonably  close  to  the  actual 
closed- loop  value.  It  was  found  to  be  necessary  to  increase  the  size  of  the 
bleed  root  to  meet  disturbance  control  requirements. 

Kg  12>  k3  12*  andK4  12  are  large  relative  to  1.  These  simply  imply  that 
the  IGV,  A8,  and  BLD  tend  to  follow  the  fuel  valve.  This  is  an  example 
where  the  rough  guide  is  never  valid. 

K3  3 = 3l4,  5 <for  100  percent).  This  appears  to  be  very  large  but  is  an 
allusion  perpetrated  by  the  mixing  dimensions  used  in  engine.  The  closed- 
loop  rms  value  of  x3  for  the  disturbance  input  is  0.  00982.  AA8  a:  314.  5 x 
0.  00982  = 3.  09.  Table  27  shows  this  is  less  than  10  percent  of  that  available. 


By  similarly  considering  each  gain  component,  it  will  be  concluded  that  the 
gain  matrices  of  Table  30  are  satisfactory.  This  was  not  the  case  when  7 
rather  than  Qg  g was  nonzero. 


Roots 


The  open-  and  closed- loop  roots  are  presented  in  Tables  32  and  33,  They 
show  that: 


1)  Control  has  little  effect  above  100  radians  per  second. 

2)  Fuel  valve,  IGV,  and  A8  actuator  roots  have  nearly  the  same 
open-  and  closed- loop  values. 
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3)  The  closed- Loop  bleed  valve  root  is  near  100  radians  per  second. 


4)  Closed* loop  N and  EN  roots  are  near  -4.  0. 
These  results  satisfy  the  design  objectives  for  the  roots. 


EMS  Responses 

Open-loop,  closed-loop,  and  summary  rms  response  data  are  presented  in 
Tables  34,  35,  and  36.  These  data  indicate  that  the  closed-loop  command 
response  will  be  as  prescribed.  The  open- loop  engine  would  surge- stall  due 
to  inlet  buzz.  The  controlled  engine  is  not  dangerously  affected  by  inlet  buzz 
disturbances.  The  controlled  engine  results  presented  use  actuator  deflec- 
tions and  rates  beyond  BOM  capabilities  but  yet  readily  realizable.  Engi- 
neering judgments  suggest  that  buzz  control  could  be  maintained  with  BOM 
actuators. 

Table  35  presents  the  r8  responses  for  command  disturbances.  Simulation 
results  (to  be  subsequently  presented)  establish  that  the  rms  values  for  r8 
are  relatively  small.  This  implies  that  the  command  step  response  will  be 
similar  to  that  of  a first-order  lag  with  a time  constant  of  0.  25  second. 

Table  36  summarizes  the  major  buzz  response  results  of  Tables  34  and  36. 
At  both  the  100  percent  and  the  50  percent  operating  conditions  the  open- loop 
PR2  exceeds  the  margin  available.  At  70  percent  and  85  percent,  the  open- 
loop  pressure  ratios  are  barely  acceptable.  The  closed- loop  rms  pressure 
ratios  are  very  small.  This  shows  that  control  can  reduce  the  surge- stall 
susceptability.  In  this  case,  however,  excessive  margin  has  been  achieved 
which  implies  that  more  is  required  of  the  actuators  than  is  necessary. 

Table  35  shows  rms  buzz  values  at  100  percent  for  A8,  IGV,  and  BLD  are 
1.  179,  0.2220,  and  1.48  inches  squared.  The  BLD  value  is  in  excess  of  the 
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BOM  allowable  (1. 0).  Table  35  also  presents  rms  buzz  values  for  A8,  IGV, 
and  BLD  of  39. 10,  6.  859,  and  45. 90  Inches  squared  per  second.  Relative  to 
BOM  values  in  Table  27,  the  exhaust  actuator  rate  is  marginally  acceptable, 
but  both  the  IGV  and  BLD  rate  capabilities  would  have  to  be  increased  markedly 
to  achieve  the  summary  results  shown  in  Table  35. 

The  results  presented  here  show  that  by  modestly  increasing  the  BOM 
actuator  capability,  both  good  command  control  and  surge- stall  buzz  margin 
requirements  can  be  bettered  by  wide  margins.  It  is  our  opinion,  based  on 
the  results  presented  here  and  upon  some  preliminary  results  presented 
previously,  that  the  BOM  actuators  provide  sufficient  capability  to  meet 
both  command  and  inlet  buzz  control  requirements. 


m 


Transient  Response 


Command  response  plots  are  presented  in  Figures  14,  17,  20,  and  23.  Open- 
loop  responses  to  PT2  are  presented  in  Figures  15,  18,  21,  and  24.  Closed- 
loop  responses  to  PT2  are  presented  in  Figures  16,  19,  22,  and  25.  Table  37 
summarizes  the  PT2  step  response  data.  The  data  show  the  command 
responses  are  as  prescribed.  Control  effectively  reduces  the  PR2  rise  to 
PT2  steps. 

Figures  14a,  17a,  20a,  and  23a  Bhow  that  both  N and  FN  closely  approximate 
the  step  responses  of  a first-order  lag  with  a time  constant  of  0.  25  second. 
Control  movements  and  responses  (TB,  PT3,  PR1  and  PR2)  are  smooth  and 
mild. 


Figure  ?6d  shows  PR2  decreasing  by  -0.  0814  for  the  first  0.  02  second, 
followed  by  recovery  to  approximately  -0.  04.  The  bleed,  IGV,  and  A8 
(Figure  16c)  act  immediately  to  reduce  PR2.  The  engine  speeds  up  by  204 
revolutions  per  minute  (Figure  16a)  during  the  first  0.  04  second  and  then 


• vs 
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returns  toward  aero  perturbation  error  with  a time  constant  of  about  0.  25 
second.  All  responses  are  smooth. 


Table  37  summarizes  the  PT2  step  response  data.  The  uncontrolled  engine 
could  tolerate  a 2.  0-pound-per- square- inch  step  change  in  PT2.  The 
controlled  engine  is  much  more  tolerant  of  the  step  disturbance  to  PT2. 


CONCLUSIONS 


It  i.3  shown  that  under  highly  idealized  conditions  using  moderate  response 
control  actuators  that  overly  severe  inlet  disturbances  could  be  tolerated. 
Engineering  judgments  based  on  these  results  and  extrr  notations  of  compar- 
able studies  in  other  situations  suggest  the  J85  engine  could  be  made  buzz- 
tolerant  and  shock-resistant. 
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Figure  14c.  Disturbance  Controller  at  100  Percent,  A Pilot  = 0,  01 
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Figure  I4d.  Disturbance  Controller  at  100  Percent,  A Pilot  = 0,01 
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Figure  15a.  Open- Loop  Disturbance  Response  at  100  Percent 
APT2  = 2.  0 psl 
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Figure  16a.  Disturbance  Controller  at  100  Percent,  APT2  = 2.  0 psi 
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Figure  16d.  Disturbance  Controller  at  100  Percent,  APT2  = 2.0  psl 


Figure  17a.  Disturbance  Controller  at  85  Percent,  A Pilot  = 0.  01 
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Figure  17d.  Disturbance  Controller  at  85  Percent,  A Pilot  = 0,01 
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Figure  18a.  Open-Loop  Disturbance  Response  at  85  Percent 
APT2  = 2.  0 psi 
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Figure  18b.  Open-Loop  Disturbance  Response  at  85  Percent 
APT2  = 2.0  psi 


Figure  18c.  Open-Loop  Disturbance  Response  at  85  Percent, 
APT2  = 2.  0 psi 
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Figure  19a.  Disturbance  Controller  at  85  Percent,  APT2  = 2.0  psi 
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Figure  19d.  Disturbance  Controller  at  85  Percent,  APT2  =2.0  psi 
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Figure  20a.  Disturbance  Controller  at  70  Percent,  A Pilot  = 0.  01 
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Figure  20b.  Disturbance  Controller  at  70  Percent,  A Pilot  = 0.  01 
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injure  20c.  Disturbance  Controller  at  70  Percent,  APilot  = 0.01 
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Figure  20d.  Disturbance  Controller  at  70  Percent,  A pilot  = 0.  01 


Figure  21a.  Open- Loop  Disturbance  Response  at  70  Percent 
APT2  = 2.  0 psi 
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Figure  21b.  Open-Loop  Disturbance  Rerponse  at r"'  Percent 
APT2  = 2.  0 psi 
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Figure  21c.  Open- Loop  Disturbance  Response  at  70  Percent 
APT2  = 2.  0 psi 


Disturbance  Response  at  70  Percent 


■00«i 


«• 

« 

d 


tc 

lot 

l«" 
Id 
Id 
Id 
id 
1 Tf 

; o» 
i a* 
t a* 

l 3 1 
I 0 «i 
I “ 


e i 
o » 

0 9 


3 t 

1 \ 


B Cl 

B a 

osi 


* 

t y 

3 

3 

0 

c 

« 

« CO' 

JlH*' 

C««U 

o • 

*»M-  t-tt-  !♦#!- 

4'»  '• 

til* 

to<* 

»lt* 

3 • 

tot*  tO-Mli* 

iC*-33t/hB1> 

■n» 



!••« 

»•»!* 

•itt 

i»U* 

»*cc 
0 * 

A»B1* 

••«*  *«**  ‘<»l  Mil 

1BtMA«  Dtoltifl'W 

• m«i  »l 

C*Q4-  tut*  I'tl*  >*ll- 

ts* 

istMAB 


98 


Figure  22a.  Disturbance  Controller  at  'i  _ Percent,  APT2  = 2.0  psi 


Figure  22b.  Disturbance  Controller  at  70  Percent,  APT2  =2.0  psi 


Figure  22c.  Disturbance  Controller  at  70  Percent,  aPT2  - 2.0  psi 
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Figure  22d.  Disturbance  Controller  at  70  Percent,  APT2  = 2,  0 psi 
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Figure  23b.  Disturbance  Controller  at  50  Percent,  A Pilot  = 0.  01 


Figure  23c.  Disturbance  Controller  at  5 > Percent,  A pilot  = 0,01 
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Figure  23d.  Disturbance  Controller  at  50  Percent,  APilot  = 0.01 
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Figure  25a.  Disturbance  Controller  at  50  Percent,  APT2  = 2.0  psi 
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Figure  25c.  Disturbance  Controller  at  50  Percent,  APT  2 = 2.  0 psi 
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Fi.gv.re  25d.  Disturbance  Controller  at  50  Percent,  APT  2 = 2.0  psi 


Table  14.  Models  for  Linear  Command  and  Disturbance 
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Table  15.  F Matrix— 100- Percent  Disturbance  Control 


1 i 
U* 

2 1 
216 
31* 
*12 

5 * 
*12 

6 * 
3 9 
7 1 

7 7 
71* 

8 4 

8 9 
»15 

9 7 
913 

10  3 
10  8 
101* 
1110 
1515 
1719 
18  5 
1*10 
lfis 
1821 


'•llS9lE  0* 
’•32**3E  OS 
■ »1729*E  05 
•20337E  07 
>1*552e.07 
* *3623i E 02 
•62326E  00 
■*3108?E  03 
• 1*703E  01  , 
•3351*E  03 
•33100E  0* 
••63*9*E  03 
.78568E-02 
•**357oE  Oo 
•11*35E  05 
••15583E.03 
•• 18266E-01 
•*3*09*E  00 
*1637iE  07 
•*988«5E  03 
»,%*997E*02 
’.5333oE  01 
»*2oOOoE  01 
.SoOOQE  06 
-•87663E  02 
>7*6S2E  01 

•*9i59sE  P* 
••880C0E  05 


1 2 -.16511E  05  1 3 

115  .10727E  05  ll® 

2 2 ..94885E  06  810 

?l7  .20537E  07  2l9 

315  .l*552E-07  *_* 

*1*  • l8»77E»0*  *15 

5 5 ..187*6E  0*  5 6 

51*  *63t79E-03  *15 

6 5 .6**16E  0?  6 6 

610  .16973E  00-  *12 

7 3 ..32*92£  07  7 * 

7 8 .12659E  02  7 ? 

7i5  *75q*6E»0J  * 1 

8 5 >.605372  01  8 6 

810  -.60981E-01  812 

9 2 *21569E*0l  9 ». 

9 8 .,53*l3E-0l  9 9 

91*  -.15218E-0A  9l5 

1C  * ..*7335E  Ol  10  5 
10  9 .13985E  06  1010 

1315  ..91598E  0*  1016 

1121  *88000E  05  1812 

161*  • lOoOOE  01  1*17 

18  1 ..16fc77E  0*  1®  2 

18  6 .22981E  04  18_7 

1811  -.30000E  01  1*12 

1816  .88288E  03  1®17 

1920  .10O0E  01  2019 


•11378E  07 
•3®52*E  g5 
•25B7*E  0* 
•20537E  q7 
..62000E  -00 
>lB*77E*Q* 
•*5*7qoE  o* 
•3l8*oE»g3 
*•732372  03 
•*7BB7E  05 
•2*692E  Ql 
•59336E  03 
•**3*7E  Ql 
*U083E  03 
•30*77E  03 
>>626972-03 
■•2B375E  02 
•15218E-06 
..87663E  02 
*>5368lC  go 
•882BBE  03 
•'62500E  02 
•10000E  01 
■*8736oE  03 
•2219JE  03 
•**133E  o* 
•8828SE  03 
•*9O000E  03 


1 5 ->137432  0* 

110 

117  •3«52*E  03 

il» 

21*  ••17184E  0? 

218 

3.  2 .95700E  00 

3 8 

* 5 . 7J966C  00 

4 7 

5 l >105772  03 

5 3 

5 7 .lSiBslE  02 

5 9 

6 1 >53*17E  03 

6-3 

6 7 >>712392  02 

6.4 

6i*  •12679E-02 

615 

7 5 -.30019E  04 

7.6 

710  >3005<JE  OQ 

712 

8 2 >505972  01 

8 3 

8 7 >153472  02 

M 

813  “>1392*E  03 

814 

9 5 ->12915E-01 

».* 

910  ->709l7E-04 

912 

JO  1 ->16677E  0* 

10  8 

10  c .22981E  0* 

IQ.7 

1012  >**133E  0* 

1013 

1017  .88288E  03 

iol9 

1313  ->30000E  01 

1414 

1716  »>5000QE  06 

1717 

18  3 .16371E  07 

IS  4 

18  8 -.98885E  03 

18.9 

1813  -.20*36E  0* 

1814 

1818  *>50000E  02 

1819 

2020  •> 600002  01 

2121 

Table  16.  F Matrix— 8 5- Percent  Disturbance  Control 


1 1 

••12179E  0* 

1 2 

•>**076E 

0* 

1 3 >9960*E 

0* 

1 5 ->il**9E 

0* 

110 

11* 

*>821B6E  03 

115 

>1*B38E 

05 

lie  >b*E2oE 

0* 

117  .84220E 

0* 

119 

2 1 

•>1729*E  05 

2 2 

-.26747E 

06 

2l0  >12253E 

0* 

21*  ->3997*E 

0? 

215 

Si  6 

•61119E  06 

217 

•*11192 

06 

219  <41 119E 

06 

3 2 >96700E  00 

3 5 

* * 

,>6200oE  00 

* 5 

>25ci7E 

Otf 

* 7 >23*C*E 

Ql 

*12  ->310092 

02 

5 1 

5 3 

>1032o£  07 

5 * 

•73782E 

00 

5 5 *»2002LE 

0* 

5 6 •>5*70*E 

04 

5 7 

*12 

••21*2*2  03 

6 1 

>515672 

03 

6 3 ->*2172E 

Q* 

6 * >i*8*0E 

01 

6.5 

6 6 

•>5l72iE  03 

6 7 

•>485*0E 

02 

6 3 >26**lE 

01 

6 9 >28*01E 

92 

610 

*12 

>*8l95E  05 

7 1 

>332082 

0* 

7 3 >>2715BE  q7 

7 * >3*5212 

01  ' 

7.5 

7 6 

*>89937E  03 

7 7 

- «**6*9E 

03 

7 8 >*B65lE 

Ol 

7 9 >58257E 

92 

710 

712 

•3qBOoE  06 

8 1 

>50*1*E 

Ol 

8 2 >*22882 

Ql 

8 3 «>*1554E  0* 

8 * 

8 5 

••27229E  01 

8 6 

>75226E 

02 

8 7 >i’089iE 

02 

8 8 •>H7*cE 

03 

8 9 

BiO 

->*9*36E«0l 

812 

•338382 

03 

Bi3  *>3315oE  02 

9 2 .21569E- 

■91 

9 4 

9 5 

'•  10023E*0l 

9 6 

•38116E 

OQ 

9 7 ->20"lE*01 

9 8 •>J?272E 

00 

9 9 

910 

••1383BE.03 

912 

>12*2*E 

Ol 

913  *>12767E 

00 

10  1 “>20235E 

04 

16  2 

10  3 

>165*92  07 

10  * 

•>*92B0E 

01 

10  5 ->*2098E 

02 

10  * >1961ZE 

04 

tO-7 

10  • 

*>1929lE  0* 

10  9 

• 72286r. 

05 

IOjo  ••2B337E 

01 

1012  >52181E 

04 

1013 

1014 

>76893E  02 

101* 

••83237E 

0* 

10^6  >6725*E 

02 

1017  >6725*E 

0* 

1019 

1110 

*>5333oE  01 

1121 

•88000E 

03 

1212  »>62BOOE 

02 

1313  •• 300006 

01 

141* 

1515 

*>20000E  01 

1617 

•lOoOOE 

01 

i716  *>300006 

9* 

J717  *>100006 

93 

1719 

i»  1 

•>2023SE  04 

18  2 

•>3*216E 

03 

18  3 >165*9E 

97 

18  * ••492502 

01 

18.5 

1*  6 

>19*17E  04 

18  7 

•19291E 

03 

18  8 *>l9|9lE 

0* 

1®  9 .72286E 

09 

1810 

1811 

•>30000C  01 

1812 

.B2181E 

0* 

1*13  *>B0080E 

03 

1816  .76093E 

02 

1519 

i®i6 

•672S*E  02 

1817 

•67?5*E 

02 

1*11  ••SOOOOE 

9? 

1819  .67254^  02 

1821 

1920 

> lOOOQE  01 

2019 

••90000E 

03 

2020  ••60000E 

01 

2121  ->400001 

01 

•69303E  02 
•1BS27E  05 
tf*616E  06 

■» 10000E  01 

*|1163E  01 
•10071E  07 
■•28425E*03 
■>92*35E  06 
*71501E  01 
•9Bo*3E*03 
■ •1H37E  0* 
•39333E  06 
••43532E  0* 
••6S583E  02 
■•31166E*03 
•10**0E  00 
•65022E  00 
••I7360E  03 
»22l95E  03 
•»>0*36E  0* 
•8828BE  03 
••VOOOOE  01 
••lOOOOE  0* 
*>*7335E  01 
*139BSE  06 
•••4997E-02 
•88288E  03 
••40000E  Ol 


»25*9SE  02 
•842202  0* 
•7Q096E  06 
••1000QE  01 
•10601E  05 
•l*l8*E  02 
•82*87E  03 
•19189E  00 
••I0373E  03 
•3B307E  00 
**60®09E  00 
•*8992E  0* 
*t95695E-03 
••2B379E  02 
•I36216E  03 
•192*1E  03 
••BOOSOE  03 
*6725*E  02 
••COC^OE  Ol 
•BOOCOE  06 
*«6tOilC  02 
•B6663E  01 
••8I2S7C  0* 
• tMOOOE  05 
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Table  17.  F Matrix- -70- Percent  Disturbance  Control 


1 1 •• 10^*80  0* 

1 2 

*.216S4E 

03 

1 3 

• 77S26E  06 

1 5 -*10100E 

04 

110 

•966*10 

01 

11*  • *768880  03 

11* 

•*69350 

04 

ii6 

♦l*9o7E  0* 

117  *149070 

0* 

u» 

•t*907E 

04 

2 1 • *i729*£  05 

2 2 

-.418770 

05 

*io 

•226380  q3 

214  ..29B94E 

05 

215 

•i7*2*| 

06 

216  *588*90  05 

217 

.588490 

05 

2*9 

.588*90  o5 

3 2 .96700E 

00 

3 5 

••100000 

01 

3l*  *.72670E.08 

315 

•*7276oE*08 

* 4 

••62000E  go 

4 5 .371000 

00 

* 7 

•C3468E 

01 

*12  **3963o0  02 

*1* 

..92387E* 

■05 

*15 

.*92387E*g5 

5 1 *lo596E 

05 

5 3 

•8258*0 

06 

5 * .75**7E  Oo 

5 5 

••176100 

04 

5 6 

.»5*7ooE  0* 

S 7 • 1Q298E 

02 

512 

•*l739oE 

03 

*1*  *.l592oE-03 

5l5 

••159200" 

■03 

6 1 

• 4 358c E p3 

6 3 -*3144oE 

06 

6 4 

•l655*E 

01 

6 S **6366E  03 

6 6 

* *57si ie 

03 

6 7 

••32167E  02 

6 8 .250580 

02 

6 9 

•32167E 

03 

610  *688*4E.0l 

612 

•47552E 

05 

*14 

-*157750  q2 

615  -.15775E 

02 

7 1 

•*0909E 

0* 

7 3 **2951*0  07 

7 * 

•61 iS9E 

01 

7 5 

•*l7l3oE  q4 

7 6 -.14035E 

04 

7 7 

• »*3o52E 

03 

7 8 .67206E  02 

7 9 

.86274E 

03 

710 

•184640  QO 

7i2  . 44335E 

06 

714 

••*23liE 

02 

7i«  *.*231iE  02 

8 1 

.472460 

01 

« 2 

*372260  0 1 

8 3 -.340860 

04 

8 4 

••3786*0 

00 

• 5 **603690  Oi 

8 6 

*97  S56E 

02 

8 7 

*829230  oi 

8 8 -.147420 

03 

8 9 

•33855E 

0* 

810  *.*5l97E-0l 

812 

.644850 

03 

*13 

-•24098E  q2 

814  .7o996E 

0? 

815 

*709960 

02 

9 2 *2l569E.0i 

9 4 

..1020 ?£■ 

■02 

9 5 

-.221500*01 

9 6 .43251E 

00 

9 7 

.•139810 

*0J 

9 8 ***30960  Oo 

9 9 

• .22S55E 

02 

9i0 

-*49973E*o4 

912  . 2366QE 

01 

913 

.•86373E 

■01 

91*  *27l3iE  00 

915 

•27131E 

00 

10  1 

-.21522E  34 

1C  2 -.49991E 

03 

10  3 

•15527E 

07 

10  * **633380  Oi 

lo  5 

-•11662E 

03 

10  6 

•26851E  0* 

10  7 . 16032E 

03 

10  8 

••28595E 

0* 

10  9 .60055E  05 

101O 

..12618E 

oi 

10J2 

*124970  J5 

1013  -.4418oE 

03 

lQl* 

•163210 

0* 

1015  **5607*0  0* 

lol* 

•28j29£ 

03 

1017 

•28029E  03 

1019  . 28029E 

03 

1110 

••533330 

01 

U21  *880000  05 

1212 

..625000 

02 

1^13 

•*300000  01 

1414  -.500000 

01 

1515 

••20000E 

01 

1617  .I0OO9E  01 

1716 

..50000E 

06 

1717 

-•lOOOOE  04 

1719  .50000E 

06 

18  1 

••215520 

04 

18  2 -.4999^  03 

18  3 

•15527E 

07 

l8  4 

■•693380  ol 

18  5 -.11662E 

03 

18  6 

•26851E 

04 

18  7 .160320  03 

18  8 

- .28595E 

04 

1*  9 

•60055E  Q5 

1810  *67382E 

01 

lsii 

••300000 

01 

1812  *12*57E  05 

1813 

. -44 i8qE 

03 

1*14 

•16321E  04 

181 5 -.TI6074E 

04 

1816 

•28o29E 

03 

1817  .28029E  03 

1818 

• *50oOOE 

o2 

1*19 

•28029E  03 

1821  * • 880O0E 

05 

1920 

•100000 

01 

2019  **9000oE  03 

2020 

• • 60000E 

01 

2121 

••400000  01 

ir 

!' 

* 
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Table  18.  F Matrix- -50- Percent  Disturbance  Control 


1 1 

-.83138E 

03 

114 

••12036E 

03 

2 1 

• *172940 

05 

216 

•22*23E 

05 

314 

*.363>O0- 

.08 

*12 

••79234E 

02 

5 4 

•6B712E 

Oo 

514 

* *1 1 94q£ 

-03 

6 5 

.40586E 

03 

6l0 

•12372E 

Oo 

7 3 

-•33377E 

07 

7 8 

•32058E 

03 

714 

■•3l606E 

-0? 

a • 

••35357E 

Oo 

8 9 

-•44062E 

03 

815 

.389S7E 

.04 

9 7 

•■52256E 

-02 

913 

-•48227E 

.01 

10  3 

•14295E 

07 

10  8 

• .568540 

04 

1014 

•ll93lE 

03 

U10 

*.53330E 

01 

1515 

-.200000 

01 

1«  1 

».2296iE 

04 

1»  6 

•52487E 

04 

1811 

-*3oOOoE 

01 

1816 

. 1 4 1 04E 

03 

1920 

• IOOOqE 

01 

1 2 .41376E  03 

llS  .11961E  04 

2 2 ..J490E  05 

217  ,22fc23E  05 

315  -.363800-0* 
414  -.46i94E-05 

5 5 -.12966E  04 
515  -.119400-03 

6 6 ..81i33£  01 

612  .46*58E  05 

7 4 .95751E  Ot 

7 9 .75728E  04 

7l5  -.25r>83E-0? 

8 5 *• J8311E  0? 
810  -.33727E-01 

9 2 f 21569E-01 

9 8 -.586490  00 
9l4  .11413E-04 

10  4 • . 84 87 1 £ oi 
10  9 * « 1*824£  05 
10i3  ..65793E  04 
1121  .88coOE  05 
1817  • lOoOOE  01 

18  2 • • 33fc47E  03 
18  7 .14286E  03 

1812  .38ii8E  05 

lBl7  *14 104£«  03 
2C19  -*90000E  03 


1 3 *5176{E  6* 

1*6  *45085E  03 

2jo  *802862  02 
219  *224230  05 

4 4 .*620002  00 
*15  -*4619*E.o5 

5 6 -*547ooE  0* 

6 l • 33603E  03 

6 7 -*213820  02 
6{4  -*l981iE»o3 

7 s ..48443E  Q4 
7n  *56396E  50 

8 1 *3793oE  01 

8 6 • 16661E  Q3 

»ic  *1*48oE  0* 

9 4 «*8940oE«g3 

9 9 ..26096E  g2 
9)5  *76o88E-o7 

10  5 • • 48206E  Q3 
1010  ..13B76E  01 
1016  • 1 4 104E  03 

l2i?  .*625002  02 

1716  .*500002  06 
18  3 *142952  57 

18  8 .*56854E  g4 
1 8 1 3 .*412202  03 
1*18  .*500000  02 
2020  ..60000E  01 


1 5 

-.871630 

03 

117 

•45085E 

03 

214 

• .51 7J9E 

04 

3 2 

•967000 

00 

4 5 

•10C20E 

01 

5 1 

•10&24E 

05 

5 7 

•40164E 

01 

6 3 

-•20921E 

06 

6 8 

•70331E 

02 

615 

-.19811E- 

■03 

7 6 

- -34633E 

04 

712 

. 74202E 

06 

8 2 

•320*00 

01 

8 7 

•54319E 

01 

313 

••160600 

02 

9 5 

-.55677E- 

■01 

910 

-.82223E- 

■04 

10  1 

-■22961E 

04 

10  6 

•52487E 

04 

1012 

•38118E 

05 

1017 

•1*1040 

03 

1313 

**300000 

01 

1717 

-.looogE 

0* 

18  4 

» . 84871 E 

oi 

1*  9 

-•148240 

05 

1814 

• U931E 

03 

1313 

*141040 

03 

2121 

- • 4O00OE 

01 

110  .14175E  01 

H9  *450852  03 
215  .57612E  05 

3 5 **100002  01 

4 7 *2307tE  01 

5 3 *50l6lE  06 

512  **i3794E  03 

6 * *156112  01 

6 9 *16614E  04 

7 1 *536092  04 

7 7 *.43o72E  03 
713  •>  20133E.05 

8 3 **236130  04 

8 8 **£157lE  03 
81*  *779l5E«04 

' 9 6 *552880  00 

912  .**0260  01 

lO  2 **?3647E  03 
IQ  7 . 1 *2360  03 

1 013  ••*12200  03 
1019  *1*10*0  03 

141*  **500000  01 
1719  *500000  06 

18  5 **.*82061'  03 
1810  *6612*0  01 
1819  **657930  0* 
1821  *.880002  05 


■1 

i 

.1 

■i 


i 


1 

'! 

-3 

3 
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Table  19.  G1  Matrices — (All  Conditions)  Disturbance  Control 


•• 


l2  i >6250oE  0?  13  3 .30000E  0?  I4  ? *50000E  01  15  4 »20C00E  01 

Table  20.  G2  Matrices- -(All  Conditions) 

Disturbance  Control 

20  Z «i»3209E  03  2l  1 .28P84E-0T 


Table  21.  H Matrix--! 00- Percent  Disturbance  Control 


no 

•1000oE  01 

211 

• lOcOOE  0? 

312 

6l5 

••2oOOoE  Oj 

7 1 

••16#77E  04 

7 ? 

7 5 

-.B7663E  0? 

7 6 

•22981E  04 

7 7 

710 

.74852E  0l 

711 

••30C00E  01 

7j, 

715 

••9l59/»E  04 

716 

•88p88£  03 

7ir 

818 

•lOOOoE  0l 

3 4 

•10482E  00 

9 

914 

•26676e-04 

915 

.26t7fcE-C4 

10  1 

18  1 

•13476E  00 

1616 

..47279E  00 

1 6j7 

••62500E 

02 

413 

••30000E  01 

514 

••50000E  01 

-•87360E 

03 

7 3 

•16371E  07 

7 4 

•♦47335E  01 

•22195E 

03 

7 8 

••988B5E  03 

7 9 

•1398SE  06 

• 44 133E 

04 

713 

-•2Q436E  04 

714 

»»4V997E«02 

•882S8E 

03 

719 

•88288E  03 

721 

••SiOOOE  05 

• 1 0390E 

01 

9 7 

•30554E  01 

912 

• O2308E  02 

•l98lo£ 

01 

is  1 

•13476E  00 

1519 

..*72796  00 

-•47279E 

00 

1619 

• • 47279E  00 

Table  22.  H Matrix— 85- Percent  Disturbance  Control 


Uo 

•lOOOoE 

01 

211 

• lOr.ooE 

C 1 

3\? 

• •625ocE 

02 

413 

* • 303C0E 

01 

514  ..SOOOoE  01 

615 

••aooooE 

0l 

7 1 

-.20P35E 

04 

7 9 

--36216E 

03 

7 3 

• lfcT-  -*9E 

07 

7 4 >.*925jE  01 

7 5 

-•42098E 

0? 

7 6 

•19617E 

0- 

7 7 
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Table  23.  H Matrix- -70- Percent  Disturbance  Control 
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Table  24.  H Matrix— 50- Percent  Disturbance  Control 
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Table  25 

. D Matrices— 

(All  Conditions)  Disturbance  Control 

3 1 >6ZSOoE  02 

6 3 

•aogooE  oi 

5 2 

•SOOOOE 

6i 

6 6 .20000E 

oi 

11  i 

•10000C  01 

l*  3 • lOOOoE  0i 

13  2 

•lOooot  01 

1*  6 

•10000E 

01 

Table  26.  Nominal  Actuator  Time  Constants 


Actuator 

Time  Constant  (sec) 

Fuel  valve 

1/62. 5 

Exhaust  actuator 

1/3 

Bleed 

1/2 

IGV 

1/5 
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Table  27.  Maximum  Slow  Hates 


, , . Maximum  at  60%  Maximum  at  100% 

/.creator  3pool  gi>eed  Spool  Spoed 


Exhaust  area  'll  in  /sec 


Bleed* 

IGV* 

* 


0. 77/sec 
0.  315/sec 


54  in  /sec 
1. 67 /sec 
0. 63/sec 


Bleeds  and  IGV  are  operated  from  the  same 
hydraulic  supply.  Individual  slew  rates  are 
reduced  by  simultaneous  demands. 


Table  28.  Command  Response  Synthesis  (Rate  Model- 

Following  With  Integral  Control  and  a Noisy  Pilot) 


Step  Description 


.1 

|J  Use  ideai  command  response  model: 


Xm  = axr/Le  + ce 


e = d x + fP 
m 


Choose  f and  T.  Then  calculate  a,  b,  c,  d (cf  Appendix  C),  so  that 


S + ( 1 / T '/ 


— 

Construct  a response  component: 

r.  = x - x 
k ii  m 

(4) 

2 

where 

x = E F . x.  J- (Gl)  .u. 
n , nj  ’ nj  j 

(5) 

r,  - £ [F  . x.  * (Gl)  . u.j  - ax  - u(dx  + f P)  - ce 
k j -U  j nj  n n 

(6) 

Consider  PLA  * F to  be  driven  by  a noisy  pilot: 

>5 

P - -4p  -f  0.  2524  r 

(7) 
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j Table  29.  Design  Objectives 


Objective 

Description 

1 

Complete  state  feedback  permitted 

2 

PLA  response  first-order  with  a 0.  25-sec  time  constant 

3 

Integral  control  on  PLA  commands 

4 

Intensitivity  to  inlei  buzz  of  amplitude  0. 4 + PT20 

5 

Insensitivity  to  step  PT2  disturbances  of  2 lb/in^ 

6 

Closed-loop  actuator  time  constants  near  open-loop  values 

7 

Maintenance  of  actuator  rate  and  displacement  limits 

t 


Table  30.  Q Matrices  Disturbance  Control  (Off-Diagonal 
Elements  are  Zero) 


Response 

Units 

Response 

Component 

Quadratic  Weight 

100% 

85% 

70% 

50% 

N 

rpm 

1 

EN 

rpm/sec 

2 

. 30000-4 

. 30000-4 

. 30000-4 

.30000-4 

wtv 

(lbm/sec)/Bec 

3 

. 30000+3 

. 10000+5 

. 10000+5 

, 10000+5 

A8 

(in-sq)/sec 

4 

. 10000-4 

, 100C0-8 

..  10000-8 

. 10000-8 

ifcv 

1/sec 

5 

. 10000-5 

. 10000-4 

. 10000-4 

. 10000-4 

bLd 

1 /sec 

6 

. 10000-4 

. 10000-4 

. 10000-4 

. 10000-4 

<N  - NM) 

rpm/sec 

7 

<N  - NM)L 

rpm/sec 

8 

, 10000+0 

, 50000+0 

. 10000+1 

. 30000+1 

TT4 

deg  F 

9 

PT3 

lbf/(tn-sq) 

10 

UWF 

11 

, 10000+1 

. 10000+1 

. 10000+1 

. 10000+1 

UA8 

12 

. 10000+1 

. 10000+1 

. 10000+1 

. 10000H 

UIGV 

13 

. 10000+4 

. 10000+3 

. 10000+3 

. 10000+3 

UBLD 

14 

. 10000+2 

. 10000+2 

. 10000+2 

. 10000+2 

PR1 

Nondimenslonal 

15 

PR2 

Nondimensional 

16 

. 55065+6 

. 55065+8 

. 55065+8 

. 55005+6 
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Table  31.  K Matrices 
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Table  32.  Open- Loop  Roots  Disturbance  Control 


Response 

Component 


. 9835+1 
.9843+1 
.7337-2 


Table  34.  Open- Loop  RMS  Responses  Due  to  Inlet  Buzz 
(PT2  « 4.  16  Lb /In2  RMS) 


100%  85%  70% 


.9504+1 
. 3701+2 
. 6530+2 
. 3262+2 
. 1333+0 
.0000 


, 0000 
. 0000 
.4166+1 
. 1247+3 
.4157+1 
. 1247+3 
.0000 
.5175+3 
.2759+1 
.0000 
. G00C 


. 1897+3 
. 1958+2 


.7523+0 

.7119+0 


.5707+1 
. 6470+1 
.5144-2 


.1068+2  .3111+1 


.6244+1 
. 9699+1 
. 1940+1 
.6712+1 
. 6142-1 
.0000 


. 0000 
. 4158+1 
. 1244+3 
.4158+1 
. 1247+3 
. 0000 
. 1235+3 
. 6583+0 
.0000 
. 0000 
. 0000 
. 0000 


. 3828+1 
. 4699+1 
. 3774-2 
. 1057+2  | 
. 4536+1 
. 6099+1 
. 2865+2 
. 3338+1 
.4981-1 
. 0000 


4158+1 

1244+3 

4158+1 

1247+3 

0000 

1186+3 


.2291+1 
. 3743+1 
. 3055-2 
. 2?82+2 
. ?-;i4+i 
. 3832+i 
. 6509+2 
. 9956+0 
.4722-1 
.0000 
.0000 
. 0000 
.0000 
.4158+1 
. 1244+3 
. 4158+1 
. 1247+3 
.0000 
. 1197+3 


6324+0  .6384+0 

0000  . 0000 

0000  . 0000 

0000  . 0000 

0000  . 0000 


.1422+5  .3547+4  .2635+4  .1887+4 


2444+3  .6026+2 


. 6055+2 
. 1131+2 
. 0000 
. 0000 
. 0000 
. 0000 
. 4027+0 
. 3804+0 


4539+2 

8304+2 

7187+1 


2974+0 
, 2847+0 


. 3350+2 
. 1456+3 
.4539+1 


.0000 


. 1759+0 
. 1695+0 


Table  35.  Closed-Loop  RMS  Responses  Due  to  Triet  Buzz 
and  Throttle  Commands  (PT2  = 4. 16  Lb/In2 
RMS;  P = 0.  01  RMS) 


100% 

85% 

10% 

50»„ 

Raaponn 

Component 

ETA  1 

ETA  2 

ETA  1 

ETA  2 

ETA  1 

ETA  2 

ETA  L 



ETA  2 

TWCD 

xl 

.2118-2 

. 1415+2 

. 3065- 1 

.7854+1 

. 4234-1 

. 5278+'. 

.6786-1 

. 2949+1 

WS 

>2 

. 2830+0 

. 1133+2 

. 3037+0 

, B800+0 

. 3556+0 

.6643+1 

. 3276+0 

. 4701+1 

WDCD 

xS 

.4502-4 

.8813-2 

. 2799-4 

. 6934-2 

.7146-4 

. 5276-2 

. 1065-3 

. 3830-2 

TM 

a4 

. 1455+2 

. 1870+2 

. 1998+2 

. 1718+2 

, 3088+2 

. 1525+2 

. 5445+2 

. 1087+2 

W4 

Ift 

.2748+0 

. 1094+2 

.2937+0 

. 8295+1 

. 3439+0 

,8409+1 

. 3167+0 

. 4535+1 

PT4 

X# 

. 1393+0 

. 2547+2 

. 1374+0 

. 1348+2 

. 1318+0 

. 8920+1 

.1153+0 

. 4968+1 

HT* 

X? 

. 1187+2 

.2808+2 

. 1142+2 

. 3043+2 

. 1795+2 

. 4036+2 

. 3536+2 

.7550+2 

RUT 

x8 

.1284+1 

. 8087+2 

.4728+0 

. 1075+2 

. 5608+0 

. 5801+1 

. 1101+1 

. 1031+  1 

RT 

x9 

. 9348-2 

. 1220+0 

. 1461-1 

. 8043-1 

. 2063- 1 

.6995-1 

.2766-1 

. 5607-  1 

WFV 

xta 

. 2399- 1 

.2118+0 

. 1639-1 

.4136-1 

. 1597-1 

.2349-1 

. 1625-1 

. 1532-1 

A8 

xia 

. 1589+0 

. 1179+1 

. 5988+0 

. 4520+1 

.5551+0 

.2464+1 

. 3106+0 

. 1215+1 

I0V 

xl4 

. 9624*2 

.2220+0 

- 5169-1 

. 2750+0 

.2183+0 

. 4409+0 

. 1660+0 

. 1707+0 

BLD 

x» 

.6589-1 

. 1480+1 

. 9797-1 

. 8900+0 

.6468-1 

.6052+0 

. 8394-1 

. 4719+0 

Z1 

xie 

. 0000 

.4168+1 

. oooo 

. 4158+1 

.0000 

.4158+1 

. 0000 

. 4158+ I 

ZJ 

xl7 

. 0000 

. 1247+3 

. 0000 

. 1244+3 

.0000 

. 1244+3 

. 0000 

. 1244  + 3 

PT2 

X10 

.0000 

.4157+1 

. 0000 

. 4158+1 

.0000 

. 4158+1 

.0000 

. 4158+1 

DUM 

x20 

.0000 

. 1247+3 

.0000 

. 1247+3 

.0000 

. 1247  + 3 

. 0000 

. 1247  + 3 

P 

x21 

.9987-2 

.0000 

. 1000-1 

.0000 

. 1000-1 

. 0000 

. 1000-1 

. 0900 

M 

rl 

. 1238+3 

. 8359+3 

. 1174+3 

.2531+3 

. 1203+3 

.1214+3 

. 1242+3 

. 4267+2 

EN 

r2 

. 1455+3 

. 1218+3 

. 1737+3 

.3137+3 

, 1618+3 

. 1324+3 

. 1374+3 

.3735+2 

WFV 

r3 

,9559-1 

.8402+1 

.5859-1 

.5872+0 

. 6348-1 

. 3237+0 

. 6876-1 

.2716+0 

A8 

p4 

. 1487+1 

.3910+2 

. 3838+1 

. 4013+2 

. 4043+1 

. 2604+3 

.3168+1 

, 1660+2 

IGV 

r5 

.5498-1 

.8859+1 

. 3514+0 

.5456+1 

. 1340+1 

. 1044+2 

. 8796+0 

.4739+1 

OLD 

p8 

. 8984+0 

. 4590+2 

. 9405+0 

. 2887+2 

. 1850+1 

.2135+2 

.2179+1 

. 1462+2 

(N  - NM) 

rl 

.2882+3 

. 1855+5 

. 4009+3 

. 5506+4 

. 3524+3 

.2789+4 

.2030+3 

. 1001+4 

(N  - NMtL 

r8 

. 4476+1 

. 2780+3 

.7188+1 

, 8633+2 

. 6090+1 

.4853+2 

. 2875+1 

. 1883+2 

TT4 

r9 

. 3584+3 

. 8428+2 

. 3756+2 

. 9597+2 

, 5365+2 

. 1171+3 

. 897 1+2 

. 1677  + 3 

PT3 

rIO 

.4188-2 

. 2803+2 

.8072-1 

„ 1556+2 

, 8367-1 

. 1048+2 

. 1344+0 

. 5842+1 

UWF 

rll 

.2404-1 

. 2353+0 

. 1642-1 

. 4241-1 

. 1800-1 

,2405-1 

. 1826-1 

. 1593-1 

UA8 

rI2 

. 3143+0 

. 1308+2 

. 1352+1 

. 1412+2 

. 1457+1 

.9021+1 

. 1103+1 

. 6317+1 

UIGV 

rlS 

. 1482-1 

. 1380+1 

, 8724-1 

.1125+1 

. 3458+0 

.2134+1 

. 2419+0 

. 9647+0 

UH'  D 

Pl4 

. 4583+0 

. 2300+2 

, 4804+0 

. 1346+2 

. 5883+0 

.9317+1 

. 1093+1 

. 7328+1 

PHI 

rlS 

.2848-3 

. 1528+0 

. 4130-2 

. 1068+0 

. 3705-2 

. 6762-1 

. 9145-2 

. 6 1 00- l 

PR2 

rlfl 

.2848+1 

. 8842-1 

. 4130-2 

,7630-1 

. 5705-2 

. 4931-1 

. 9145-2 

.7516-1 
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Table  36.  Buzz  Response  Summary 


Response 

100% 

85% 

70% 

50% 

PT3/PT2  margin 

0.  800 

1.  08 

0,475 

0.  150 

PT3/PT2  rms  margin 

0.  566 

0.  764 

0.  336 

0.  106 

PT2  rms  (lbf/in2) 

4.  16 

4.  16 

4.  16 

4, 16 

PT3/PT2  = PR2  rms  open  loop 

0.  7119 

0. 3804 

0.  2847 

0.  1695 

PT3/PT2  = PR2  rms  closed  loop 

0. 06842 

0. 07630 

0.  04951 

0.07516 

T? I ie  37,  PT2  Step  Response  Summary 


Response 

PT2  psi 

PT3/PT2  margin 


100% 
2.  0 


0. 7993 


PT3/PT2  = PR2  max  open  loop  0.  b02 

PT3/PT2  = PR2  max  closed  loop  0.  0495 


85% 

70% 

50% 

2.0 

2.  0 

2.0 

1.0782 

0.4748 

0.  1497 

0.  181 

0.  132 

0.  0783 

0.0718 

0.  0419 

0.  0428 
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SECTION  IV 

WIND  TUNNEL  TEST  CONTROLLER 


The  design  and  wind  tunnel  testing  of  a controller  are  described.  The 
controller  was  synthesized  to  be  a good  approximation  to  spool- speed  time- 
optimal  control  with  constraints  for  surge-stall  (PT3/PT2  maximums), 
burner  temperature  (TT4  maximum),  and  flameout.  Control  design  was 
effected  by  synthesizing  three  controllers  whose  spool  speed,  PT3,  or  TT4 
perturbation  response  characteristics  were  those  of  a first-order  lag  with  a 
small  time  constant.  A select  logic  chooses  the  perturbation  controller 
whose  trajectory  is  closest  to  that  for  time-optimal  control.  Table  38 
presents  specific  design  objectives. 

The  wind  tunnel  test  results  show  that  design  objectives  are  achieved.  The 
controller  achieves  precise  trim  stability,  good  perturbation  response,  and 
a reasonable  approximation  to  time-optimal  control  with  bounded-phase  con- 
straints. Simulation  results  are  much  better  than  wind  tunnel  test  results. 
These  differences  are  ascribed  to  the  differences  between  the  model  and 
the  engine  used  in  the  wind  tunnel  test. 

Perturbation  synthesis  methodology  is  used  to  design  the  controller.  Setpoint 
and  trajectory  optimization  are  used  to  establish  steady- state  and  gross 
response  characteristics  for  large- amplitude  commands.  Perturbation 
design  approximates  gross  characteristics  and  provides  the  perturbation 
response  characteristics. 

Setpoint  and  trajectory  optimization  are  described  in  Section  II.  Only  the 
perturbation  design  is  considered  here. 
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CONTROL  SYNTHESIS 


i 

i 

Design  of  the  controllers  consists  primarily  of  determining  the  perturbation  j 

gains  that  will  enforce  good  transient  response,  good  rms  response,  and  will 
have  satisfactory  stability  margins  through  the  operating  envelope.  Once  this  \ 

task  has  been  accomplished,  that  is,  the  perturbation  controller  gains  have 
been  determined  and  it  has  been  ascertained  that  the  responses  and  stability  j 

characteristics  are  satisfactory,  the  main  job  is  done.  It  is  then  simply  a 
matter  of  determining  the  open- loop  fuel  flows,  of  making  reasonable  esti- 
mates as  to  the  integration  limits  on  the  mode- switching  controller,  and  of  ) 

using  these  data  in  the  mode- switching  controller  to  affect  the  nonlinear 

J 

control  design. 

The  perturbation  controller  design  is  first  affected  by  designing  a full- state- 
feedback  controller  using  a simplified  model  of  the  engine  (that  is,  one  without 
instrumentation  dynamics,  with  simplified  characteristics  for  the  fuel  actua- 
tor, in  particular,  and  neglecting  the  computational  delays  in  the  digital 
computer).  A controller  is  designed  under  these  simplified  conditions 
because  experience  has  shown  that  ff  this  task  can  be  satisfactorily  accom- 
plished, then  compensation  for  the  r Iditional  complexity  is  reasonably  j 

straightforward  and  does  not  cause  an  excessive  loss  in  performance.  The  j 

results  to  be  presented  show  that  the  procedure  applies  at  least  to  the  J85  j 

engine. 

First,  speed  control  synthesis  and,  subsequently,  pressure  and  temperature 
control  synthesis  are  presented. 

Speed  Control 

Table  39  presents  the  forms  for  the  models  used  for  linear  state  control 
synthesis.  The  F,  Gl,  G2,  H,  and  D matrices  at  equilibrium  are  presented 
in  Tables  43  through  47.  Table  48  presents  the  quadratic  weights  used  to 
design  both  the  state  speed  control  and  the  simplified  speed  control. 
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Table  49  presents  the  state  control  gain  matrices.  The  state  control  gain 
matrices  are  presented  primarily  for  completeness.  Rough^rder- of- 
magnitude  checks  indicate  the  feedback  gains  are  reasonably  low.  This  is 
primarily  a qualitative  judgment. 

The  open-loop  roots  for  the  state  models  are  presented  in  Table  50  and  the 
closed- loop  roots  are  presented  in  Table  51.  The  primary  observation  to  be 
made  is  that  the  closed- loop  roots  associated  with  spool  speed  and  the  inte- 
gral of  spool  speed  are  very  close  to  the  prescribed  values  of  -4.  0.  Closed- 
loop  actuator  poles  are  near  the  open- loop  values. 

The  rms  response  values  for  the  speed  state  controllers  are  presented  in 
Table  52.  Values  are  tabulated  for  response  due  to  1 percent  of  power  level 
setting  (Tij)  and  due  to  4.  0 square  inches  of  exhaust  area  movement  (ti2). 

The  best  measure  of  the  goodness  of  the  control  that  will  result  from  power 
level  response  is  that  due  to  the  model-following  (response  component  13). 

It  is  primarily  of  use  in  comparison  with  the  other  controllers  during  the 
iterative  process  of  control  design.  By  comparing  the  relative  values  of  rl3, 
the  quality  of  the  speed  response  to  power  level  movements  can  be  inferred. 

The  response  due  to  exhaust  area  perturbation  of  4 square  inches  is  indicated 
as  the  rms  value  of  the  first  response  variable.  Again,  the  primary  merit 
of  the  rms  value  is  on  a comparative  basis.  Detailed  comparisons  of  a few 
controllers  obtained  during  the  design  iteration  provide  a basis  for  estimating 
whether  the  current  iteration  controller  will  be  sufficiently  insensitive  to 
exhaust  nozzle  position. 

Figures  26  through  29  present  the  throttle  command  perturbation  transient 
responses  for  the  state  speed  controllers,  This  set  of  plots  for  the  four 
operating  conditions  for  100,  85,  70,  and  50  percent  is  presented  primarily 
to  show  spool- speed  response.  Later,  the  corresponding  spool  speed  and 
sensor  and  actuator  responses  will  be  presented  with  the  simplified  controls. 
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At  all  four  operating  conditions,  the  "A"  transients  representing  spool  speed 
on  the  figures  are  a very  close  approximation  to  a o.  25-seccnd  time  response. 
The  results  for  these  four  operating  conditions  shew  tha,.  the  synthesis  pro- 
cedure is  enforcing  design  objectives.  This  also  implies  that  the  engine  can 
be  controlled  in  the  manner  desired.  If  there  is  a subsequent  degradation  due 
to  control  simplification,  this  is  not  due  to  a lacs  of  engine  capability. 

The  synthesis  of  the  simplified  speed  control  proceeds  in  a manner  very 
similar  to  that  for  the  state  control.  First,  the  state  model  previously  dis- 
cusstd  is  augmented  for  completeness.  The  results  are  a model  of  the  form 
indicated  in  Table  40.  States  9,  12,  and  13  shape  the  noise  on  Ag,  the  PT3, 
and  PT5  sensors,  respectively.  States  14  and  15  are  the  Pade  approximates 
to  the  0.  015-second  computational  delay.  The  fuel  valve  is  modeled  by  states 
3,  16,  17,  and  18,  State  20  is  a rolloff  filter  in  front  of  the  fuel  actuator. 

State  19  is  used  only  during  quadratic  optimization;  not  for  transient  response, 
frequency  response,  or  convrol.  By  doing  this,  controllers  with  more  phase 
margin  are  developed. 

The  F,  Gl,  G2,  H,  D,  and  M matrices  are  presented  in  Tables  53  through  58. 
The  quadratic  weights  tabulated  in  Table  48  and  the  restriction  to  particular 
feedback  gains  (as  indicated  in  Table  40)  lead  to  the  simplified  speed- controller 
perturbation  gains  as  tabulated  in  Table  94.  Table  12  shows  what  the  simpli- 
cauor  algorithm  does;  Appendix  D shows  how  the  algorithm  wortes. 

The  closed- loop  roots  for  the  simplified  speed  control  are  tabulated  ir 
Table  59,  The  roots  for  the  simplified  control  are  not  nearly  as  good 
barometers  as  they  were  for  the  state  control.  In  part,  this  is  due  to  the 
extra  complexity.  The  20th-order  sys.em  has  considerable  coupling.  For 
example,  at  the  100  percent  condition,  the  root  that  is  associated  with  spool 
speed  is  part  of  a complex  pair  atll,  18  radians  per  second,  with  a damping 
ratio  of  0.  516x;  this  is  coupled  with  the  state  x!9  which  is  part  of  the  filter 
system.  The  closest  association  to  a 0.  25- second  response  time  is  that  for 
En,  for  which  there  is  indicated  a root  of  3.  355.  The  association  of  closed- 
loop  roo+«  .a  the  manner  being  done  here  is  not  precise.  The  indication  is 
only  One  of  association.  The  association  can  be  used  as  a guide. 
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Table  60  presents  the  rms  response  values  for  the  simplified  speed  controllers. 
Again,  the  primary  value  of  the  rms  responses  are  on  a comparative  basis. 

For  example,  it  might  be  expected  by  comparing  spool  speed  rate  model- 
following errors  [N  - NM  due  to  power  lever  (rj^)]  between  Tables  60  and  52, 
that  the  speed  response  for  the  simplified  controller  is  much  worse  than  that 

• m 

for  the  state  controller.  The  value  of  N - NM  for  the  simplified  controller  is 
more  than  three  times  the  value  for  the  state  controller.  The  transient 
responses  will  subsequently  show  there  is  only  a small  degradation;  similarly, 
for  the  frequency  responses,  control  performance  for  the  simplified  speed 
controller  is  well  in  excess  of  requirements  for  perturbation  jet  engine 
control.  This  again  points  out  that  the  rms  values  have  to  be  judiciously  used 
to  design  a good  controller.  They  are  most  useful  in  comparative  analyses. 

Similarly,  for  the  response  due  to  the  exhaust  actuator  (associated  with  t^), 
it  is  seen  that  at  100  percent,  the  spool  perturbation  cue  to  the  exhaust 
actuator  for  the  simplified  controller  is  more  than  10  times  that  for  the  state 
controller.  The  perturbation  amplitude  is  still  relatively  small  for  the  size 
of  th  ; disturbance  being  put  on  the  system.  Again,  on  a comparative  basis 
during  the  design,  it  was  found  to  be  very  helpful  to  be  able  to  obtain  a very 
quick  assessment  from  the  rms  responses. 

Simplified  speed- control  responses  for  a step  speed  command  of  1 percent 
change  in  operating  3peed  are  presented;  the  commands  are  for  a change  in 
operating  speed  of  165  rpm. 

Figures  30  through  33  present  the  perturbation  responses  for  the  simplified 
speed  controllers  at  100,  85,  70,  and  50  percent  operating  speed.  At  all 
operating  conditions,  perturbation  responses  meet  all  objectives.  While 
response  characteristics  for  the  simplified  controls  are  very  good,  there  has 
been  seme  degradation  from  that  with  the  state  control.  The  degradations 
are  due  to  two  things;  model  simplification  and  control  simplification.  With 
the  state  control  results  presented  previously,  there  was  an  over-simplification 
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in  th  i models  in  neglecting  the  computational  time  delay;  this  is  of  signifi- 
cance. The  limited  number  cf  sensor  feedbacks  for  the  simplified  controller 
is  the  other  source  of  the  somewhat  degraded  performance. 

The  "A"  p.ots  of  Figures  30  through  33  present  spool-speed  responses. 

The  spool- speed  responses  look  quite  similar  to  those  of  a first-  order  lag 
with  a time  constant  of  0.  25  second.  Common  to  each  of  the  four  transient 
responses  of  spool  speed  is  the  transport- type  delay  near  the  initial  time. 
This  transport  delay  due  to  the  digital  control  is  unavoidable.  The  magnitude 
is  op.  the  order  of  0.  02  second  and  is  so  small  that  it  would  not  affect  the 
pilot’s  appreciation  of  the  control  system.  The  second  main  noticeable 
difference  between  the  simplified  control  results  and  those  of  the  state 
control  are  at  times  larger  than  about  0.  3 second.  At  the  100-percent  and 
at  the  85- percent  conditions,  the  simplified  speed- control  results  are  more 
lethargic  than  those  for  the  state  control.  The  opposite  is  true  for  those 
perturbation  control  results  at  70  percent  and  50  percent  operating  speed. 

The  70-percent  and  50-percent  results  are  somewhat  more  responsive  but 
they  also  display  some  overshoot.  More  aF  an  academic  exercise  than 
because  of  necessity,  an  attempt  was  made  to  deter  mi  what  it  it,  in  the 

control  simplification  that  cuased  somewhat  degrade*;  oot- speed  response 
for  times  larger  than  0.  3 second.  Experments  triad*.  abllshed  that  the 
somewhat  degraded  performance  is  due  to  not  taking  into  count  the  thermal 
capacitance  term  in  the  simplified  controller  feedbacks. 

There  is  an  interesting  set  of  trend  results  that  is  quite  noticeable  in  com- 
paring the  four  sets  of  figures.  The  amount  of  TT4  overshoot  decreases 
from  100-percent  to  the  50-percent  operating  speed  conditions  (Figures  30a 
through  33a).  Consistent  with  these  responses  are  the  responses  for  fuel 
flow  shown  in  Figures  30b  through  33b. 

The  "C"  plots  of  Figures  30  through  33  show  that  the  thermal  capacitance 
response  for  the  engine  is  qualitatively  the  same  for  the  85-percent  and  100- 
percent  conditions  and  also  qualitatively  the  same  for  the  50-percent  and 
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70- percent  operating  conditions,  but  that  the  former  and  latter  groups  have 
markedly  different  response  characteristics.  This  lends  credence  to  the 
argument  for  the  association  of  the  differences  in  spool- speed  response  to 
thermal  capacitance. 

Quantitatively,  the  transient  response  plots  presented  in  Figures  30  through 
33  show  that  the  primary  design  objective  of  obtaining  the  0. 25-second 
response  at  a spool  speed  with  a large  amount  of  integral  control  has  been 
achieved,  and  that  transient  responses  are  "nice;"  there  appears  to  be  no 
tendency  toward  instability  of  any  kind  nor  are  there  wild  excursions  in  any 
of  the  variables  that  would  raise  the  spectre  of  violation  of  any  of  the 
assumptions. 

Figures  34  through  37  present  frequency  response  plots  for  the  simplified 
speed  controllers. 

The  closed- loop  frequency  response  plots  are  almost  identical  for  each  of 
tne  four  operating  conditions.  Therefore,  only  the  one  for  the  100-percent 
condition  in  Figure  34d  is  presented.  For  frequencies  below  10  radians  per 
second,  the  closed-loop  frequency  response  for  the  engine  is  much  like  that 
for  a 0.25-second  lag.  The  closed-loop  response  does  meet  those  objectives 
that  were  initially  set  vp. 

Til  Section  II,  there  is  a description  of  how  the  frequency  response  plots  were 
to  be  made.  Provisions  were  for  breaking  the  ioops  at  a number  of  points. 
The  "A’  plots  are  the  actuator  open- loop  plots;  the  loop  ts  broken  at  the 
actuator.  Th«  "V  plots  are  with  the  loop  broken  at  the  speed  sensor.  The 
MCf’  plots  are  wii'  the  loop  broken  on  the  integral  control. 

The  actuator  open- loop  frequency  response  "A"  plots  of  Figures  34  through 
37  for  the  four  operating  conditions  are  both  qualitatively  and  quantitatively 
very  similar.  The  system  is  gain  stable  for  all  frequencies  above  20  radians 
per  second.  Gain  margins  are  about  ib  decibels  and  phase  margins  are  a 
minimum  of  60  degrees. 
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Qualitatively  and  quantitatively,  the  open- loop  integral  "C"  plots  of  Figures 
34  through  37  are  also  similar.  They  are  all, gain  stable  for  frequencies 
above  5 radians  per  second.  They  each  have  at  least  15  decibels  of  gain 
margin.  Phase  margins  are  well  in  access  of  60  degrees.  This  verifies 
that  the  design  technique  yields  adequate  stability  margins  in  respect  to  the 
integral  gain. 


The  open-loop  frequency  response  with  respect  to  speed  sensor  feedback  are  j 

'i 

not  qualitatively  similar.  They  break  into  two  groups.  The  frequency 
responses  with  respect  to  speed  gain  are  similar  at  the  85-percent  and  100-  f 

percent  operating  conditions,  and  they  are  also  similar  at  the  50-percent  j 

and  70- percent  operating  conditions.  But,  qualitatively,  the  responses  \ 

between  the  high-speed  and  low- speed  conditions  are  markedly  quite  dif-  i 

ferent.  At  the  85-percent  and  100-percent  operating  conditions,  the  system 
with  respect  to  the  speed  gain  can  always  be  gain  stabilized.  At  the  lower-  i 

speed  operating  condition,  that  is,  at  50-percent  and  70-percent  operating 

conditions,  the  system  is  conditionally  Btable.  5 

i 

i 

It  is  noted  in  Figures  34b  and  35b  for  the  100-percent  and  85-percent  operating  I 

conditions  that  at  very  low  frequencies,  say  at  1 radian  per  second,  the  phase  | 

is  near  -270  degrees.  As  frequency  increases  toward  4 radians  per  second,  J 

the  phase  changes  through  -360  degrees  (or  zero  degrees)  as  it  swings  through  J 

the  first  quadrant.  It  continues  its  swing  through  the  first  and  fourth  quad-  i 

rants  as  the  frequency  increases  to  about  8 radians  per  second.  At  8 radians 
per  second  it  enters  the  third  quadrant  and  finally  crosses  the  -180-degree 
line  near  30  radians  per  second.  The  gain  margins  at  both  the  85-percent 
and  100-percent  operating  conditions  are  about  15  decibels  and  phase  margins 
are  again  near  70  degrees. 


At  the  50- percent  and  100- percent  conditions  (Figures  36b  and  37b),  the  phase 
at  low  frequencies,  say  below  1 radian  per  second,  is  again  at  -270  degrees. 
The  phase  shift  is  from  -270  degrees  through  -180  degrees  up  toward  -90 
degrees  as  the  frequency  Increases  from  1 radian  to  4 radians  per  second. 
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During  this  same  frequency  change,  the  gain  level  rises  from  negative  to 
positive  decibels.  As  the  frequency  then  increases  from  4 radians  per 
second  to  30  radians  per  second,  the  phase  again  regresses  toward  -180 
degrees,  and  in  the  same  frequency  band  the  gain  drops  below  the  zero- 
decibel  line.  On  a Nyquist  plot,  these  would  show  as  an  encirclement  of 
the  -1  point;  i.  e. , conditional  stability.  If  the  gain  level  were  lowered  by 
15  decibels  at  50-percent  operating  condition,  the  system  would  be  unstable 
at  about  2 radians  per  second.  Similarly,  a lowering  of  the  speed  gain  by 
about  30  radians  per  second  by  about  30  decibels  would  cause  the  system  to 
be  unstable  at  about  2 radians  per  second  for  the  70-percent  case.  If  the 
gain  were  raised  about  15  decibels,  the  system  would  be  unstable  near 
30  radians  a second  at  the  higher  frequency  crossover  point.  At  both  the 
50- per  cent  and  70-percent  operating  conditions,  the  system  is  conditionally 
stable.  However,  both  gain  and  phase  margins  for  these  conditions  are 
entirety  adequate  to  prevent  undue  sensitivity  toward  engine  modeling.  On 
the  other  hand,  the  common  practice  of  reducing  gains  when  stability 
troubles  are  incurred  would  not  always  be  safe. 


Our  conclusions,  then,  are  that  the  quadratic  design  procedure  has  designed 
a controller  with  adequate  stability  margins  with  respect  to  reasonable  varia- 
tions in  system  characteristics.  The  systems  are  gain  stable  at  reasonably 
large  frequencies,  gain  margins  are  in  excess  of  6 decibels,  and  phase  mar- 
gins are  in  excess  of  60  degrees.  The  only  special  care  required  for  this 
multiple- loop  system  is  to  note  the  fact  that  at  low  engine  operating  speeds 
the  system  with  respect  to  the  speed  gain  is  conditionally  stable.  Therefore, 
the  usual  crutch  of  reducing  gain  to  stay  out  of  trouble  (stability  problems) 
is  not  valid  at  the  low  engine  operating  speed  with  respect  to  speed  gain. 

Gain  stabilization  can,  however,  be  used  for  the  system  at  the  actuator 
level,  for  the  integral  control,  and  for  the  speed  control  at  the  higher 
operating  speeds. 
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Pressure  Control 

The  pressure  (surge- stall)  controller  design  procedure  is  the  same  as  for 
the  speed  controller;  first,  the  state  controller  is  designed  and  then  the 
simplified  controller  is  designed. 

Table  39  identifies  the  vector  components  for  state  control.  Table  C! 
presents  the  F matrix;  the  G1  matrix  and  G2  matrices  are  presented  in 
Tables  44  and  45,  the  H matrix  is  presented  in  Table  62,  and  the  D matrix 
is  presented  in  Table  63, 

Quadratic  weights  for  the  pressure  control  are  presented  in  Table  64.  There 
are  different  quadratic  weights  for  the  state  and  for  the  simple  control.  The 
gain  matrices  for  the  pressure  control  are  presented  in  Table  65.  Table  66 
presents  the  open- loop  roots  for  both  the  pressure  and  temperature  con- 
trollers, since  they  are  both  taken  up  along  the  stall  boundary.  The  closed- 
loop  roots  of  the  state  pressure  control  are  presented  in  Table  67.  Th*?re  is 
close  association  between  the  PT3  root  and  the  response  that  we  specif ieC. 

At  100  percent,  there  is  a complex  pair  at  10  radians  per  second  with  a 
damping  ratio  of  0.  999  (essentially,  two  real  pair  at  -10),  At  the  85-percent 
condition,  there  is  a root  at  - 9 9 and  another  one  at  -10. 1;  a good  approxi- 
mation to  the  pair  at  -10.  At  the  70-percent  and  50-percent  conditions,  where 
0.  25- second  time  constants  are  specified,  there  is  a complex  pair  at  4 radians 
per  second  with  a damping  ratio  slightly  less  than  1 (again  corresponding 
almost  exactly  to  two  real  roots  at  -4). 

Table  68  presents  the  rms  responses  for  the  pressure  state  controllers. 

Again,  on  an  absolute  basis,  the  values  presented  in  the  table  are  not  subject 
to  precise  interpretation.  As  for  speed  control,  the  rms  responses  are 
primarily  of  value  on  a comparative  basis. 
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State  pressure  control  transient  response  is  presented  in  Figures  38  through 
41.  The  "C"  traces  for  PT3  are  very  close  to  first-order  response.  Those 
for  the  two  higher  operating  speeds  of  85  percent  and  100  percent  have  a 
time  constant  of  0. 1 second.  At  the  lower  engine  operating  speed,  they  are 
0. 25  second. 

Control  simplification  fox*  the  pressure  controller  proceeds  similarly  to  that 
for  the  speed  controller.  Table  41  identifies  components.  The  F,  Gl,  G2, 

H,  D,  md  M matrices  for  the  simplified  pressure  control  are  presented  in 
Tables  69  through  74,  The  quadratic  weights  are  presented  in  Table  64.  It 
is  again  pointed  out  that  it  was  necessary  to  change  the  quadratic  weights 
between  the  design  of  the  state  controllers  and  the  design  of  the  simple 
controllers.  The  primary  reason  for  this  was  because  of  the  extra  dynamics 
that  were  added  to  the  system  (the  Pade  approximate  for  the  computation 
dynamics  of  the  digital  computer  and  the  extra  sophistication  in  the  control 
valve  were  the  primary  contributors).  It  is  believed,  for  instance,  that  if 
the  same  design  models  had  been  used  for  both  the  state  and  the  simple 
controller,  no  change  in  quadratic  weights  would  have  been  necessary,  or  at 
most,  a very  small  change  perhaps  in  one  of  them,  but  nothing  of  the  order 
of  magnitude  indicated  here. 

The  perturbation  gain  matrices  are  presented  in  Table  94.  The  closed- loop 
roots  for  the  simplified  controller  are  presented  in  Table  75.  Here,  in 
contrast  to  the  speed  control,  there  is  better  association  between  the  closed- 
loop  roots  and  the  prescription  for  response.  At  the  100- percent  condition, 
there  is  a complex  pair  near  5 radians  per  second  and  a damping  ratio  of 
0.  86.  This  is  about  half  the  closed- loop  frequency  specified.  From  the  root 
inspection  alone,  it  might  be  expected  that  the  response  would  be  lethargic 
it  is  not.  At  the  85-percent  condition,  however,  there  is  a root  at  11.  9 which 
is  relatively  close  to  the  0. 1 second  prescribed.  On  the  other  hand,  the 
damping  ratio  appears  very  low.  But  again,  looking  at  denominators  of 
transfer  functions  can  be  very  misleading  in  estimating  transient  response 
characteristics  because  of  the  importance  of  numerator  dynamics. 
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'I  ie  rms  responses  for  the  simplified  pressure  control  are  presented  in 
Table  76.  Again,  there  is  a vast  quantity  of  data  here  that  superficially 
appear  to  be  without  great  value.  Again,  during  the  design  iteration  process, 
using  the  comparative  value  between  iterations  of  the  various  rms  quantities 
provided  considerable  insight  as  to  what  was  happening,  what  was  significant, 
what  provided  insensitivity,  and  what  provided  good  response  characteristics. 
The  primary  value  of  tabulating  them  here  is  for  reference  purposes.  For 
example,  by  comparing  these  data  with  those  for  the  state  controller,  some 
of  the  little  difficulties  we  had  in  getting  controllers  would  be  easily  resolved 
in  another  design. 
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Perturbation  time  responses  for  the  simplified  pressure  controllers  are  j jj 

presented  in  Figures  42  through  45  for  the  100- percent,  85-percent,  75-  | 

! '3 

percent,  and  50-percent  operating  conditions.  For  the  85-  percent  and  100-  1 1 

percent  operating  conditions,  the  design  condition  for  PT3  response  is  0. 1- 
second;  for  50-percent  and  75-percent  operating  speeds,  the  time  response  1 | 

is  to  be  0.  25  second,  i J 


Figures  42a  through  45a  demonstrate  that,  the  PT3  response  is  qualitatively 
that  specified.  For  the  two  higher  operating  speeds,  the  initial  response  is 
not  that  of  a first-order  lag  due  to  the  computational  delays  in  the  digital 
computer.  In  the  range  between  0.  02  second  and  0. 15  second,  the  transient 
responses  closely  approximate  that  of  a 0. 1- second  lag.  For  larger  times, 
the  actual  responses  from  the  engine  display  some  overshoot:  less  than 
10  percent.  This  is  a satisfactory  approximation  to  the  prescribed  0. 1- 
second  response. 


Figures  44a  and  45a  show  that  the  PT3  response  for  the  70- percent  and 
50-percent  operating  conditions  is  very  close  to  0.  25  second,  with  the  major 
deviation  leing  that  of  the  initial  transport  lag  due  to  the  computational 
delay  within  the  digital  computer. 
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The  fuel  flow  responses  for  the  four  operating  conditions  are  much  like  those 
for  the  speed  controllers.  At  the  lower  operating  speeds,  the  fuel  is  used  to 
accelerate  the  engine,  with  very  little  fuel  being  used  to  achieve  the  increase 
in  state.  At  the  higher  operating  conditions,  the  percentage  increase  in  fuel 
to  increase  the  steady- state  operating  speed  is  the  higher  percentage  of  the 
peak  fuel  used. 

As  for  the  speed  controllers,  the  collective  responses  shown  on  the  ABC 
plots  for  each  operating  condition  display  no  undesirable  characteristics. 
There  is  no  tendency  toward  lightly  damped  oscillations.  There  are  no  wild 
transients  that  would  cause  saturation  difficulties.  The  qualitative  and  quan- 
titative response  characteristics  for  each  of  the  variables  are  very  desirable. 

The  frequency  responses  for  the  PT3  perturbation  controllers  are  satis- 
factory for  all  four  design  conditions.  The  closed- loop  frequency  response 
is  as  would  be  expected  of  an  approximation  to  a 0.  1- second  or  0. 25- second 
lag.  The  open- loop  gain  and  phase  margins  are  all  satisfactory;  all  generally 
exceed  6 decibels  gain  margin  and  60  de„  "oes  phase  margin.  Two  things 
were  not  entirely  anticipated.  One  of  these  was  noted  with  the  speed  con- 
trollers, namely,  that  under  some  situations,  there  is  conditional  stability. 
Probably  the  most  surprising  result  displayed  by  the  frequency  response 
plots  for  the  pressure  perturbation  control  is  the  apparent  lack  of  effective- 
ness of  the  PT5  feedback  gain.  In  no  case  does  the  gain  level  reach  zero 
decibels,  and,  particularly  for  the  two  lower  operating  speed  conditions,  it 
is  below  -5  decibels  over  the  entire  frequency  range.  This  might  make  it 
appear  as  though  the  PT5  gain  were  very  ineffective  (it  certainly  is  from  a 
frequency  response  standpoint).  When  this  was  noted,  the  simplification 
procedure  was  used  to  eliminate  the  PT5  feedback  gain.  Without  the  PT5 
feedback,  the  perturbation  control  could  be  affected,  but  both  transient 
responses  and  ms  responses  suffered.  It  is  for  this  reason  that  the  gain 
was  retained  in  the  results  that  are  reported  here. 
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f irst,  we  will  dispense  with  the  closed- loop  frequency  responses.  Figures 
46e  through  49e  present  the  closed- loop  frequency  responses  for  the  100- 
percent  and  50- percent  conditions.  The  100-percent  plot  shows  that  to  a 
good  approximation  over  10  radians  per  second  bandwidth,  the  closed-loop 
response  is  close  to  that  for  a first- order  lag  with  a 0.  1- second  time 
constant.  This  also  applies  to  the  50-percent  operating  condition  with  a 
0.  2 5- second  time  constant. 

Figures  46a  through  4&a  present  the  frequency  response  plots  with  the  loop 
broken  at  the  actuator.  They  are  generally  quite  similar.  The  gain  margins 
for  each  are  at  least  10  decibels  and  phase  margins  exceed  60  degrees.  The 
qualitative  characteristics  at  100  percent  and  85  percent  (Figures  46a  and 
47a)  are  pleasing;  high  gain  and  relatively  small  phase  shift  for  low  frequen- 
cies, with  a gradual  attenuation  of  gain  and  phase  shift  as  the  frequency 
increases  toward  the  crossover  point.  There  is  a consistent  trend  between 
the  results  for  85,  70,  and  50  percent  as  shown  by  Figures  47a,  48a,  and 
49a.  There  is  a marked  increase  in  phase  change  at  low  frequency  from  the 
higher-speed  to  *He  lower-speed  operating  condition.  At  "j  percent,  the 
phase  shift  is  small;  at  70  percent,  there  is  considerable  phase  shift  (in  fact, 
an  increase  in  phase  lag  around  the  1-radian- per- second  point).  For  the 
50-percent  operating  condition,  there  is  a very  large  phase  shift  of  nearly 
180  degrees  at  a frequency  of  0. 18  radian  per  second.  It  might  be  suspected 
that  this  behavior  would  lead  to  conditional  stability.  A visualization  of  how 
a Nyquist  plot  would  look  will  reveal  that  this  is  not  the  case.  The  50-percent 
condition  is  unconditionally  stable.  An  assessment  of  why  there  is  such 
marked  phase  shift  at  the  50- percent  condition  was  not  made. 

Figures  46b  through  49b  present  the  open-loop  frequency  response  for  the 
system  broken  at  the  PT3  feedback  sensor.  Gain  and  phase  margins  are 
adequate,  but  there  is  some  rather  surprising  behavior.  The  system  is 
unconditionally  stable  at  both  50  and  85  percent,  but  at  70  and  100  percent, 
the  system  is  conditionally  stable.  Gain  and  phase  margins  at  the  higher 
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frequency  rolloff  are  adequate.  Gain  margins  are  in  excess  of  6 decibels, 
and  phase  margins  are  usually  in  excess  of  60  degrees;  at  the  85- per  cent 
operating  condition,  the  phase  margin  is  only  55  degrees.  At  the  50-percent 
and  85-percent  conditions,  there  is  conditional  stability  near  2 radians  per 
second;  it  would  require  a gain  change  on  the  order  of  50  decibels  for  stability 
problems  to  be  encountered.  This  should  provide  satisfactory  control. 

Figures  46c  through  49c  present  the  PT5  open- loop  frequency  response 
results.  In  no  case  does  the  gain  get  to  as  high  a value  as  zero  decibels. 

Gain  margins  are  generally  adequate,  although  at  the  100-percent  condition, 
at  a frequency  near  40  radians  per  second,  there  is  barely  6 decibels  of 
gain  margin.  It  would  probably  be  desirable  to  put  an  additional  rolloff  filter 
in  the  PT5  loop  to  eliminate  this  characteristic.  All  of  the  plots  show  the 
increase  with  frequency  for  the  PT5  feedback,  so  the  rolloff  filter  would  be 
desirable  in  this  feedback  loop. 

Figures  46d  through  49d  present  the  frequency  response  for  the  pressure 
integration  term.  The  qualitative  and  quantitative  characteristics  for  this 
feedback  gain  are  consistent.  Gain  and  phase  margins  are  adequate. 

Results  presented  for  the  pressure  perturbation  controllers  indicate  that 
stability  and  response  characteristics  should  be  adequate  over  the  desired 
passband  and  operating  condition  range  of  the  engine. 


Temperature  Control 

Synthesis  of  the  temperature  control  proceeds  in  a manner  almost  identical 
to  that  for  speed  and  pressure  controls. 

Table  39  identifies  the  components.  The  F,  Gl,  G2,  H,  and  D matrices  for 
the  state  temperature  synthesis  are  presented  in  Tables  77  through  81,  The 
quadratic  weights  for  the  state  and  simple  temperature  controls  are  presented 


In  Table  82.  The  quadratic  weight  changes  between  state  and  simple  controls 
are  quite  marked.  The  open- loop  roots  for  the  temperature  control  are  pre- 
sented in  Table  66.  The  state  control  gain  matrices  are  presented  in 
Table  83.  The  temperature  state  controller  closed-loop  roots  are  presented 
in  Table  84.  Here  again,  there  is  good  association  between  the  prescription 
of  0. 1- second  response  time  and  a root  in  the  system  of  9.  99  with  a damping 
ratio  of  greater  than  0.  9.  Table  85  presents  the  rms  responses  for  the 
temperature  state  controller. 

Transient  responses  of  temperature  state  controllers  are  presented  in 
Figures  50  through  53.  The  request  is  for  a 0. 1-second  response  on  TT4. 
The  "D"  traces  of  the  figures  show  that  the  responses  closely  correspond 
to  those  of  a 0. 1- second,  first-order  lag.  There  is  a little  overshoot,  on 
the  order  of  2 to  3 percent,  but,  certainly,  this  is  an  excellent  approxima- 
tion to  that  which  has  been  requested. 

Table  42  presents  the  components  for  the  simple  temperature  control. 

Tables  86  through  91  present  the  F,  Gl,  G2,  H,  D,  and  M matrices 
required  for  synthesis  for  the  simplified  temperature  controllers.  The 
quadratic  weights  are  presented  in  Table  82,  and  the  feedback  matrices  for 
the  simplified  controller  are  presented  in  Table  94.  Table  92  presents  the 
simplified  temperature  controller  closed-loops  roots:  comments  relative 
to  these  roots  are  the  same  as  they  were  for  the  other  simplified  controls. 
Table  93  presents  the  rms  responses  for  the  simplified  temperature  con- 
trollers. 

Transient  responses  for  the  perturbation  temperature  controllers  aie 

f presented  in  Figures  54  through  57.  Transient  responses  are  close  to 

i 

| those  prescribed;  the  TT4  responses  are  very  close  to  those  of  a first- 

order  lag  with  a 0. 1- second  time  constant.  As  for  the  speed  and  pressure 
' controllers,  transient  controllers  are  smooth,  there  is  no  indication  of  any 

| lightly  damped  terminal  oscillations,  and  there  are  no  initial  wild  transient 

overshoots  to  cause  concern. 
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The  "B"  traces  of  Figures  54a  through  57a  show  the  TT4  perturbation 
response.  Qualitatively  they  are  very  close  to  corresponding  to  those  of  a 
0. 1- second  lag.  Quality  is  slightly  better  for  the  higher  operating  speeds 
than  for  the  lower  operating  speeds.  At  the  100-percent  operating  speed, 
the  TT4  response  is  almost  exactly  as  prescribed.  At  85  percent,  a very 
good  approximation  to  a 0. 1-second  response  is  achieved.  At  70  percent, 
the  response  up  to  about  92  percent  of  the  100  degrees  commanded  is  about 
as  desired.  For  the  50- percent  operating  condition,  the  initial  85  percent 
of  the  response  comes  in  as  prescribed  and  then  there  is  little  hang  up  for 
about  0. 1-second.  The  quality  for  each  is  well  in  excess  of  that  required. 

The  second  feature  should  be  noted  on  Figures  54a  through  57a:  the  closeness 
of  correspondence  of  the  TT4  and  filtered  TT4  whistle  which  is  the  approxi- 
mation to  TT4.  The  correspondence  of  the  B and  D traces  is  an  indication  of 
the  quality  of  the  TT4  sensor  in  measuring  the  actual  TT4. 

In  Figures  54b  through  57b,  of  most  interest  again  is  the  fuel  flow  response. 
Qualitatively,  the  transient  response  is  relatively  smooth  without  wild  over- 
shoots or  tendency  toward  residual  oscillations.  Collectively,  Figures  54a, 
b,  c through  57  a,  b,  c again  display  qualitatively  "nice"  control. 

The  frequency  response  for  the  perturbation  temperature  controllers  demon- 
strates that  system  stability  in  terms  of  gain  and  phase  margins  is  adequate. 
The  closed- loop  response  over  the  low  passband  range  where  criteria  are 
set,  again  meets  objectives.  Again,  there  are  some  funny  little  things  of  the 
type  that  are  now  not  unexpected,  in  that  the  speed  and  pressure  controllers 
have  demonstrated  some  of  the  same  pecularities.  The  frequency  response 
plots  for  the  perturbation  controllers  are  presented  in  Figures  58  through  61. 

The  closed- loop  responses  are  presented  on  "F"  plots  of  Figures  58  through 
61.  This  frequency  response  substantiation  of  a first-order  lag  specification 
is  again  a source  of  satisfaction  in  using  the  quadratic  design  procedure. 
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The  actuator  open- loop  frequency  responses  for  the  four  conditions  (Figures 
58a  through  61a)  are  remarkably  consistent.  There  is  relatively  high  gain 
and  small  phase  shift  for  frequencies  below  20  radians  per  second;  cross- 
overs are  near  50  radians  per  second.  Gain  margins  are  at  least  7.5  decibels 
(with  a minimum  gain  for  the  50- percent  condition),  with  much  larger  gain 
margins  at  the  oiher  three  operating  conditions.  Phase  margins  are  in 
excess  of  80  degrees. 

The  TT4  open- loop  frequency  response  plots  have  two  peculiar  features.  At 
very  low  frequencies,  the  TT4  feedbacks  provide  very  little  control;  gain 
levels  are  at  -40  decibels  and  below.  For  100- percent  condition,  in  par- 
ticular, but  also  for  the  85-percent  operating  speed  condition,  the  gain  level 
never  gets  as  high  as  zero  decibels,  and  even  for  the  70- per  cent  and  50- 
percent  conditions  it  barely  gets  to  zero  decibels.  This  is  at  first  somewhat 
surprising,  but  it  simply  indicates  that  the  TT4  feedback  is  not  the  primary 
sensor  for  TT4  control;  it  will  subsequently  be  shown  that  the  primary  feed- 
back is  that  of  the  integral  feedback.  The  TT4  feedback  gain  is  small  because 
of  the  noiBe  estimate  used  on  the  TT4  sensor.  That  is,  the  feedback  gain  has 
been  attenuated  oy  the  noise  level  the  TT4  sensor  produces.  The  TT4  feed- 
back loop  is  unconditionally  stable.  The  phase  breaks  near  5 radians  per 
second  at  the  50-percent  and  70-percent  conditions  are  in  a direction  so  that 
the  system  would  be  gain  stable  with  respect  to  the  TT4  feedback. 

Figures  58c,  d through  61c,  d indicate  that  the  PT3  and  PT5  feedbacks  are  not 
very  effective,  in  that  gain  ieve*  i remain  well  below  zero  decibels.  Again, 
for  these  sensors,  synthesis  was  performed  without  the  PT3  and  PT5.  Stable 
feedback  control  was  achievable  but  the  quality  of  performance  was  degraded, 
much  more  so  than  would  be  estimated  by  looking  at  the  gain  levels  on  the 
PT3  and  PT5  plots. 

Figures  58e  through  61e  again  show  a rather  remarkable  consistency  among 
the  four  operating  conditions.  For  frequencies  below  10  radians  per  second. 
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the  phase  shift  is  remarkably  constant  and  the  gain  attenuation  is  slight. 
Gain  and  phase  margins  are  again  adequate;  gain  margins  are  on  the  order 
ox  20  decibels,  and  phase  margins  are  near  80  degrees. 

So  again,  based  on  the  assumed  model  characteristics  that  the  quadratic 
design  procedure  has  yielded,  *erturbation  controllers  have  been  attained 
with  good  rms  response,  good  transient  response,  end  good  frequency 
response,  indicating  that  all  design  objectives  have  been  met. 


WIND  TUNNEL  TEST  RESULTS 

The  wind  tunnel  tests  verified  that  optimal  control  techniques  could  design 
good  engine  controllers.  Good  steady- state,  perturbation,  and  dynamic 
response  characteristics  were  achieved.  The  test  uncovered  one  anomaly 
in  the  model  and  also  pointed  out  a small  error  that  was  made  in  the  design. 

The  technical  objective  for  this  contract  was  to  show  that  optimal  control 
methodology  could  be  used  to  design  good  engine  controls.  The  verification 
that  the  design  procedures  are  effective  is  in  the  wind  tunnel  test  results. 
There  are  three  sets  of  test  objectives: 

• Steady- state  stability 

• Smp.il- amplitude  perturbation  command  response 

• Large- amplitude  transient  response 


Setting  up  tests  to  substantiate  the  first  two  objectives  was  easy.  The  tests 
were  run,  the  results  measured,  and  these  results  were  checked  against 
objectives.  In  the  case  of  the  first  xwo  objectives,  the  objectives  and  the 
control  results  were  satisfactory.  Setting  up  tests  for  large  amplitude  com- 
mands involved  some  artificial  restrictions.  It  was  desired  to  be  able  to 
test  the  engine  to  the  extremes  of  its  operating  limits  so  as  to  substantiate 
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(without  doubt)  that  the  Large- amplitude  control  objectives  were  met.  it  was 
not  possible  to  do  this.  The  test  engine  at  APL  was  being  used  for  a number 
of  programs  other  than  the  optimal  control  effort.  It  wac  therefore  mandatory 
that  the  engine  life  not  be  jeopardised,  F or  this  reason  it  was  necessary  to 
set  up  tests  that  would  substantiate  the  objectives  of  the  large ‘amplitude 
command  response  but  that  would  not  jeopardize  the  engine.  The  tests  that 
were  performed  demois  mated  that  the  large- amplitude  command  objectives 
ccuid  be  met,  although  the  test  did  not  exercise  the  engine  fully  throughout 
its  envelope.  The  objectives  were  met  by  setting  up  boundaries  or  operating 
limits  well  below  those  that  could  actually  be  achieved  by  the  engine.  Then 
the  controller  was  set  up  to  control  to  these  bounds.  The  objectives  then 
were  measured  in  terms  of  how  well  operating  limits  could  bs  maintained 
within  these  bounds.  Tor  example  a measure  of  the  goodness  of  the  controller 
was  the  accuracy  to  which  it  could  maintain  the  PT3  below  a prescribed 
operating  limit.  It  will  subsequently  be  3hown  that  the  controller  tested  in 
the  wind  tunnel  actually  j.  Tolled  to  within  3.  5 pounds  per  squi  re  inch  (psi) 
of  a priori  prescribed  values  of  PT3.  For  reasons  which  will  be  discussed 
later,  it  is  believed  that  it  is  quite  a straightforward  matter  fo  reduce  these 
boa  nd  error  bounds  by  at  least  a factor  of  2 if  not  3.  Tliat  is,  the  a priori 
controller  limits  should  actually  control  the  engine  to  within  0.  3 pound  per 
square  inch. 

The  control  policy  was  developed  f o as  to  control  speed,  pressure,  and 
temperature.  For  expediency  in  getting  the  controllers  on  the  APL  test 
facility,  it  was  decided  to  split  the  control  functions  and  test  the  speed- 
pressure  and  the  speed- tempers  hire  control  separately.  This  made  it  some- 
what easier  to  install  the  contro'iers  on  the  APL  test  facility  and  also  helped 
greatly  in  the  presentation  of  the  test  results  tc  show  what  kind  of  results 
were  achieved. 
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The  speed-pressure  controller  results  were  satisfactory  but  less  desirable 
than  could  have  been  achieved  for  two  reasons.  First,  there  is  a difference 
between  the  engine  math  model  and  the  engine  as  installed  in  the  APL  tunnel. 

Second,  a minor  mistake  was  made  in  implementing  the  speed-pressure 
controller  that  caused  some  excessive  overshoot  for  large- amplitude 
commands. 

Table  95  presents  speed-controller  gains,  both  for  the  early  test  where  we 
have  the  anomaly  that  we  are  about  to  discuss  and  for  the  controller  for  which 
we  present  our  final  results.  It  is  seen  that  the  controller  with  which  we  had 
a stability  problem  had  gain  magnitudes  of  from  2 to  10  times  as  large  as  j 

those  that  we  finally  used.  J 

i 

( 

Figures  62  and  63  present  P3-N  and  time  history  plots  of  equilibrium,  a 
very  slow  acceleration,  and  then  deceleration  at  speeds  from  about  58  to  64 
percent.  Figure  63  shows  that  at  equilibrium  and  during  acceleration, 
there  is  an  incipient  oscillation  of  slightly  greater  than  2 Hz.  This  is 
manifested  in  the  oscillatory  character  of  the  fuel  flow  trace  (where  it  is 
very  clear)  , and  it  also  appears  on  the  P3  trace  of  the  time  history  plot  of 
Figure  63.  Figure  62  clearly  shows  that  the  engine  is  nearly  neutrally  stable 
at  this  particular  operating  condition.  Tnese  results  were  not  anticipated, 

i 

although,  at  the  time  this  test  was  run,  frequency  response  plots  had  not 
been  made. 

Figures  64,  65,  and  66  present  the  open- loop  actuator,  speed  sensor,  and 
integral  speed  open- loop  response  plots  for  the  controller  on  the  design  math 
model  of  the  J85  engine.  Figure  64,  for  the  actuator  open-loop  condition, 
shows  that  the  gain  crossover  occurs  at  about  1. 2 Hz  where  there  is  about 
60  degrees  of  gain  margin.  The  gain  margin  at  8 Hz  is  in  excess  of 
15  decibels.  Breaking  the  Loop  at  the  speed  sensor  shows  comparable 


stability.  The  phase  margin  at  about  1.2  Hz  is  about  70  degrees,  and  the 
gain  margin  at  8 Hz  is  again  about  15  decibels.  On  the  integral  gain,  the 
phase  margin  is  about  170  degrees  and  at  about  0.  5 Hz,  while  the  gain 
margin  is  about  55  decibels  at  24  Hz.  These  results  show  that  the  con- 
troller should  not  have  exhibited  the  nearly  neutral  stability  as  the  wind 
tunnel  test  results  displayed. 

Considerable  effort  was  spent  trying  to  resolve  the  anomaly  between  the  wind 
tunnel  test  results  and  the  stability  results  based  on  the  math  model  just 
discussed.  It  was  suspected  that  the  extra  60  degrees  of  phase  shift  in  the 
engine  during  this  initial  test  was  due  to  one  of  the  six  following  probabilities; 

• The  speed  sensor 

• The  analog- to- digital  speed  converter 

• The  link  lines 

• The  equilibrium  calculations  in  the  IBM  1800 

• The  digital- to- ana  log  fuel  conversion 

• All  of  the  above 

The  Air  Force  Propulsion  Laboratory  made  a frequency  response  test  that 
seemed  to  clear  the  converters  and  the  link  lines.  The  speed  sensor  was  not 
a likely  candidate.  We  isolated  the  anomaly  by  considering  what  it  might  be 
caused  by: 

• Differences  between  the  APL  engine  and  the  simplified  NASA 
model  of  the  engine  that  we  were  using. 

• Inadequate  stability  margins  due  to  neglect  during  design 
synthesis. 

• Inadequate  stability  margins  due  to  digitization  effects. 
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The  first  of  these  was  ruled  out  by  some  early  frequency  response  work  at 
APL  and  which  is  further  discussed  in  Volume  III  of  this  report. 

It  was  just  shown  that  the  stability  margins  based  on  the  math  model  were 
adequate. 

Assessments  of  magnitude  and  time  quantization  effects  of  the  digital  compu- 
tation were  shown  not  to  be  the  cause  of  the  anomaly. 

During  this  early  test  period,  open- loop  runs  were  made.  Fuel  flow  and 
engine  responses  were  smooth.  These  results  established  that  open- loop 
fuel  magnitude  quantization  was  not  the  source  of  the  difficulty.  The  clopel- 
loop  part  of  the  control  achieved  comparable  resolution.  It  was  therefore 
concluded  that  the  magnitude  quantization  was  satisfactory. 

To  better  assess  the  time  quantization,  the  Pade  approximate  for  the  com- 
putational delay  was  deleted  and  the  Tustin  transform  was  used  for  the  com- 
putational delay  in  the  integration  (EN)  being  accomplished  in  the  IBM  1800, 
With  0,  015-second  sample  time,  the  closed- loop  roots  were  computed  at  0.  5, 
1.0,  2.0,  and  3. 0 times  nominal  gains.  This  system  was  stable  at  the  first 
three  sets  of  gains  but  had  a root  at  0.  722  ±0.  756  i at  3.  0 times  nominal. 

This  was  outside  the  unit  circle  and  corresponded  in  the  continuous  domain 
to  an  unstable  pair  at  9. 1 Hz.  The  continuous  representation  indicated  the 
frequency  of  instability  would  be  8.  4 Hz;  good  agreement. 

The  sensitivity  to  different  magnitudes  of  computational  delays  was  also 
assessed.  Roots  were  computed  for  the  closed- loop  system  with  nominal 
gains,  with  sample  times  of  0.  0001,  0,0005,  0.0075,  0.0300,  0.  0450,  and 
0.  0600  second.  Only  with  the  last  sample  time  was  this  system  unstable. 
This  provided  another  indication  of  the  tolerance  that  shouls  have  been 
expected  from  the  controllers  that  demonstrated  during  the  wind  tunnel  test 
at  near- neutral  stability. 
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The  apparent  50  degrees  of  phase  shift  in  the  engine  system  near  2 Hz  was 
never  resolved.  To  get  on  with  the  testing  of  the  optimal  controllers,  new 
controllers  were  designed  with: 

• Lower  bandwidth 

• Increased  gain  margins 

• Increased  phase  margins 

These  are  the  controllers  the  detailed  data  of  which  are  presented  earlier  in 
this  section  of  the  report.  These  controllers  generally  exhibited  somewhat 
less  desirable  perturbation  transient  response  than  did  the  earlier  controllers 
based  on  the  math  model  of  the  engine,  but  the  deterioration  was  not  overly 
marked. 

On  the  speed-pressure  controllers,  the  limits  that  were  set  on  the  integral 
terms  were  the  only  provisions  that  were  made  to  inhibit  pressure  integration 
when  on  speed  control  and  vice  versa.  A preferable  arrangement  was  to 
reset  the  pressure  integrator  to  zero  when  on  speed  control  and  vice  versa. 
During  the  nonlinear  simulation  tests  on  the  computer  at  the  contractor' s 
facility  in  Minneapolis,  the  controllers  were  tested  and  it  was  found  that  the 
overshoot  was  not  excessive  by  simply  using  the  integrators  in  the  matter 
described.  However,  it  was  clear  that  by  using  a reset  on  the  integrators, 
overshoot  could  be  reduced.  And,  in  fact,  on  the  speed- temperature  con- 
trollers whose  results  are  subsequently  presented,  the  reset  mechanism  was 
used. 

Figure  67  presents  P3-N  plots  for  a series  of  slow  engine  accelerations. 

Their  associated  time  histories  are  presented  in  Figures  68  through  71. 

The  strong  speed  stability  expected  from  the  use  of  controls  with  large 
amounts  of  integral  control  feedback  is  demonstrated.  Speed  repeatability 
is  smaller  than  the  resolutions  of  the  plots;  i,  e,  , well  within  0. 1 percent  of 
engine  rpm.  The  second  thing  to  note  is  the  small-amplitude  perturbation 
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command  response  of  the  P3-N  plot  of  Figure  67.  The  P3-N  transient 
response  plots  generally  demonstrate  some  overshoot.  These  overshoots 
on  the  time  history  are  somewhat  more  difficult  to  detect  because  of  the 
scale  resolution.  This  was  not  expected  from  the  linearized  results  pre- 
sented earlier  in  this  section.  The  linearized  speed  response  of  the  math 
model  showed  little  or  no  overshoot  in  speed.  But,  on  the  actual  engine  there 
is  overshoot.  This  difference  is  ascribed  to  the  difference  between  the  math 
model  and  the  engine.  It  perhaps  should  have  been  expected  from  the 
50  degrees  phase  shift  anomaly  at  2 Hz. 

One  of  the  things  that  needs  to  be  pointed  out  on  the  time  history  plots  on  the 
fuel  flow,  and  in  particular  on  Figure  68,  is  the  oscillatory  behavior  dis- 
played in  the  fuel  flow  response.  This  oscillatory  behavior  is  not  a real 
oscillation  but  is  a characteristic  of  the  particular  instrument,  particularly 
at  very  low  fuel  flows.  It  will  be  seen  again  during  some  of  the  maximum 
decelerations. 

Figure  72  presents  the  P3-N  large- amplitude  speed-pressure  response, 
and  the  associated  time  histories  are  presented  in  Figures  73  and  74.  The 
"prescribed"  surge-stall  limit  hat  been  dubbed  in  on  Figure  72.  For  fast 
accelerations  there  is  overshoot.  The  maximum  excess  is  about  3.  5 pounds 
per  square  inch.  This  excess  is  ascribed  to  the  two  causes  previously  dis- 
cussed: the  differences  between  the  math  model  used  for  design,  and  the 
characteristics  of  the  actual  engine.  Half  of  it  could  be  eliminated;  that  is, 
overshoot  could  be  reduced  to  about  1.  5 pounds  per  square  inch  simply  by 
using  a reset  mechanism  on  the  integrators  rather  than  using  the  integral 
limits. 

Figure  75  presents  P3-N  results  for  Bode- type  slams,  and  Figures  76  through 
78  present  the  corresponding  time  histories.  The  P3-N  figure  shows  that  the 
Bode  slams  are  highly  repeatable;  the  differences  in  equilibrium  value  at 
high  speed  at  the  ends  were  set  in  to  separate  the  figures.  The  time 
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histories  show  smooth  acceleration  and  deceleration  for  the  slams.  There 
is  markedly  different  timing  in  the  three  slams  but  that  the  time  histories 
for  each  are  quite  similar.  Again,  the  erratic  behavior  of  fuel  flow  of  low 
rpm  is  an  instrumentation  problem;  it  is  not  something  that  happens  on  the 
actual  engine,  as  can  be  seen  from  tne  TT4  trace.  If  fuel  flow  were  actually 
wiggling  as  badly  as  is  indicated  on  the  figures,  there  would  have  been 
undesirable  side  effects. 


Speed- Temperature  Controller 

The  kinds  of  results  presented' for  the  speed- temperature  controller  are 
quite  similar  to  those  for  speed- pres  sure  except  that  the  boundary-following 
is  more  clearly  displayed  as  an  error  term,  TT4WD-TT43. 

Figure  79  presents  the  boundary  error  term  versus  speed,  N,  for  some 
moderate  accelerations,  and  the  time  histories  are  shown  in  Figure  80.  The 
boundary  speed  plot  during  "equilibrium"  indicates  considerable  noise  on  the 
temperature  sensor.  Even  under  the  quietest  equilibrium  conditions  there 
is  considerable  burner  noise  that  is  manifested  in  variations  in  TT4  as 
shown.  This  appears  on  both  the  XY  and  time  history  plots.  The  boundary- 
speed  plots  for  the  accelerations  of  Figure  79  show  what  appear  to  be 
reasonably  good  accelerations,  although  the  overshoot  of  80  degrees  might 
be  deleterious.  However,  the  corresponding  time  history  (the  second  strip 
of  Figure  80)  shows  the  time  that  the  boundary  was  exceeded  was  about  0.  25 
second.  It  is  not  likely  that  the  80  degrees  overshoot  for  0.25  second  would 
have  serious  deleterious  effects  on  the  engine. 

Figure  81  presents  larger- amplitude  TT43-N  large-acceleration  response, 
and  the  associated  time  history  is  shown  in  Figure  82.  The  results  are 
quite  comparable  to  those  for  the  lower-amplitude  results. 


Figure  83  presents  the  boundary  error-speed  for  a Bode  slam.  Its  time 
history  plot  is  shown  in  Figure  84.  The  time  that  the  temperature  is  in 
access  of  the  boundary  v{  lue  is  on  the  order  of  0. 25  second. 


Summary 

Table  96  summarizes  the  results  from  the  wind  tunnel  tests  achieved  at 
APL.  Good  results  were  achieved,  but  improvements  can  be  made.  The 
results  show  that  optimal  control  methodology  can  successfully  be  used  to 
design  an  engine  controller. 
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Figure  27.  State  Control — 85-Percent  Operating  Condition— -Equilibrium 
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Figure  28.  State  Control — 70- Percent  Operating  Condition--Equilibrium 


Figure  29.  State  Control— 50- Percent  Operating  Condition- -Equilibrium 
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Figure  30a.  Simplified  Control— 100- Percent  Operating  Condition— Equilibrium 


Figure  31a.  Simplified  Control — 85- Percent  Operating  Condition--Equilibrium 
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Figure  31b.  Simplified  Control — 85- Percent  Operating  Condition- -Equilibrium 
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Figure  32a.  Simplified  Control- -70- Percent  Operating  Condition- -Equilibrium 
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Figure  32c.  Simplified  Control— 70- Percent  Operating  Condition- -Equilibrium 
(Concluded) 
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Figure  33b.  Simplified  Control—  50- Percent  Operating  Condition—  Equilil 
{Continued) 
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Figure  33c.  Simplified  Control--50-Percent  Operating  Condition-- Equilibrium 
(Concluded) 


Figure  34a.  Actuator  Open  Loop--100- Percent  Operating  Condition- -Equilibrium 
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Figure  34b.  N Open  Loop — 100- Percent  Operating  Condition-- Equilibrium 
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Figure  35a.  Actuator  Open  Loop-- 85- Percent  Operating  Condition— Equilibrium 
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Figure  35b.  N Open  Loop- -85- Percent  Operating  Condition — Equilibrium 
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Figure  36a.  Actuator  Open  Loop— 70- Percent  Operating  Condition— Equilibrium 


Figure  36b.  N Open  Loop—  70- Percent  Operating  Condition- -Equilibrium 


Figure  37a.  Actuator  Open  Loop — 50- Percent  Operating  Condition-- Equilibrium 
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Figure  37c.  EN  Open  Loop- -50- Percent  Operating  Condition- -Equilibrium 


Figure  38.  State  Control-- 100- Percent  Operating  Condition- -Pressure 


Figure  39.  State  Control— 85- Percent  Operating  Condition— Pressure 
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Figure  40.  State  Control— 70- Perce  at  Operating  Condition- -Pres  sure 
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Figure  41.  State  Control— 50- Percent  Operating  Condition- 
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Figure  42a.  Simplified  Control-- 100-Percent  Operating  Condition— Pressure 
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Figure  43a.  Simplified  Control — 85- Percent  Operating  Condition — Pressure 
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Figure  43b.  Simplified  Control-- 35-  Percent  Operating  Condition-- Pressure 

(Continued) 
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Figure  44a.  Simplified  Control— 70- Percent  Operating  Condition— Fres sure 
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Figure  44b.  Simplified  Control— 70- Percent  Operating  Condition— Pressure 
(Continued) 
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Figure  44c.  Simplified  Control- -70- Percent  Operating  Condition- -Pressure 
(Concluded) 
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Figure  45a.  Simplified  Control— 50- Percent  Operating  Condition— Pressure 


Figure  46a.  Actuator  Open  Loop — 100- Percent  Operating  Condition— Pressure 


Figure  46b.  PT3  Open  Loop — 100- Percent  Operating  Condition— Pressure 


Figure  46c.  PT5  Open  Loop— 100- Percent  Operating  Condition- 


Figure  46d.  EP  Open  Loop— 100- Percent  Operating  Condition- -Pressure 


Closed- Loop-- 100-Percent  Operating  Condition— Pressure 
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Figure  47b.  PT3  Open  Lcop-- 85- Percent  Operating  Condition — 
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Figure  47 d.  EP  Open  Loop— 85- Percent  Operating  Condition— Pressure 


Figure  47e.  Closed- Loop-  -85- Percent  Operating  Condition- -Pressure 
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Figure  13a.  Actuator  Open  Loop — 70- Percent  Operating  Condition — Pressure 
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Figure  45b.  PT3  Open  Loop — 70-Percent  Operating  Condition- 
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Figure  48c.  PT5  Open  Loop- -7 0-Percent  Operating  Condition— 


Figure  48d.  EP  Open  Loop— 70- Percent  Operating  Condition — Pressure 
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Figure  48e,  Closed- Loop— 70-Percent  derating  Condition— Pressure 


Actuator  Open  Loop-"- 50- Percent  Operating  Condition— Pressure 
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Figure  4Sb.  PT3  Open  Loop— 50- Percent  Operating  Condition- 
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Figure  49c.  PT5  Open  Loop—  50- Percent  Operating  Condition— 
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Figure  49e.  Closed  Loop- -50- Percent  Operating  Condition- -Pressure 
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Figure  50.  State  Control — 100- Percent  Operating  Condition — Temperature 


Figure  52.  State  Control- - 70- Percent  Operating  Condition- -Temperature 


Figure  53.  State  Control- -50- Percent  Operating  Condition— Temperature 
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Figure  54a.  Simplified  Control— 100- Percent  Operating  Conditions— Temperature 
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Figure  54b.  Simplified  Control-- 100- Percent  Operating  Conditions--Temperature 

(Continued) 


Figure  54c.  Simplified  Control- -100- Percent  Operating  Conditions— Temperature 
(Concluded) 
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Figure  55a.  Simplified  Control- -85- Percent  Operating  Condition--Temperature 


* i 


W*m^  rt*lll*»  »*I4**I  «*HH  rt-Mi'i  f-Kt'i  <MnM  rt-m*l  p-li*' 

a « t>*u  Miuut* 

o*v*’*%'>»  am I 

H»l,’l*l  H*l*t‘l  l»*m*l  te*II*»i  !§•«■***  l«’hf»  U-V»'t  !►-##•* 

3 * Xtali  MU1VW 

iO|f«)M/Hlt  iv-ft* *m 


tl'ifC'*-  rt-lM’l*  («*11I,I*  !•»!*•• I • l#.J*t"*  5 •-**>•  I-  l«‘JniM-  - 

• • m»tk  phivv 

«tni*  4r 

I -»»««  »■»»  | I UM4SBM  | HiamM  I ••••*•••■!  .»*«  »••••  t »***»•»*•  | ••■  • •«——•!  mm  . 

-»•*•**•  «•!►•*  <MH‘*  /fW* 

? • X#«*S  VMitiW 


Figure  55b.  Simplified  Control-- 85- Percent  Operating  Condition- -Temperature 
(Continued) 


Figure  56a.  Simplified  Control— 70- Percent  Operating  Condition— Temperature 
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Figure  57a.  Simplified  Control— 50-Percent  Operating  Condition— Temperature 


Figure  57b.  Simplified  Control— 50- Percent  Operating  Condition— Temperature 
(Continued) 
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Figure  57c.  Simplified  Control— 50- Percent  Operating  Condition— Temperature 
(Concluded) 


Figure  58a.  Actuator  Open  Loop— 100- Percent  Operating  Condition — Temperature 
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Figure  58b.  TT4  Open  Loop- -100- Percent  Operating  Condition— Temperature 


Figure  58c.  PT3  Open  Loop-- 100- Percent  Operating  Condition— Temperature 


Figure  58d.  PT5  Open  Loop-- 100- Percent  Operating  Condition-- Temper ature 


Figure  58e.  ET  Open  Loop— 100-Percent  Operating  Condition— Temperature 


Figure  58f.  Closed- Loop— 100- Percent  Operating  Condition— Temperature 


Actuator  Open  Loop-- 85- Percent  Operating  Condition--Temperature 


Figure  59b.  TT4  Open  Loop-- 85- Percent  Operating  Condition— Temperature 
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Figure  59d.  PT5  Open  Loop— 85- Percent  Operating  Condition— Temperature 


Figure  59f.  Closed  Loop--85-Percent  Operating  Condition- -Temperature 


Figure  60a.  Actuator  Open  Loop* -70- Percent  Operating  Condition— Temperature 
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Figure  60b.  TT4  Open  Loop— 70- Per  cent  Operating  Condition — Temperature 


Figure  60d.  PT5  Open  Loop- -70- Percent  Operating  Condition— Temperature 


Figure  60e.  ET  Open  Loop- -70-  Per  cent  Operating  Condition— Temperature 


Figure  60f.  Closed  Loop- -70- Percent  Operating  Condition— Temperature 
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Figure  61a.  Actuator  Open  Loop— 50  Percent  Operating  Condition— Temperature 


Figure  61b.  TT4  Open  Loop-- 50-Percent  Operating  Condition- -Temperature 


Figure  61e.  ET  Open  Loop— 50- Percent  Operating  Condition — Temperature 
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Figure  64.  Simplified  Control  - - High  Gain  --  50-Percent  Operating 
Condition  --  Equilibrium  --  Actuator  Open  Loop 
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Figure  65.  Simplified  Control  --  High  Gain  --  50-Perceat  Operating  Condition  - 
Equilibrium  — N Open  Loop 
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Mode  Legend:  B = Bendix,  E = Equilibrium 
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Figure  68.  Speed- Pressure  Slow  Acceleration 
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egend:  D = Deceleration,  E = Equilibrium 


Figure  69.  Speed-Pressure  Slow  Acceleration 


Equilibrium 


Pressure  Slow  Acceleration 


Mode  Legend:  B = Bendix,  D = Deceleration, 
E = Equilibrium 
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Speed-Pressure  Fast  Acceleration 


Bendix,  F.  = Equilibrium,  P = Pressure 


Equilibrium,  P = Pressure 


Bendix,  D = Deceleration 


Pressure 


Speed-Pressure  Bode  Slam  No. 


Pressure  Bode  Slam  No. 


Figure  79.  Speed-Temperature  Plot 


Mode  Legend:  D = Deceleration,  E - Equilibrium,  T = Temperature 


Figure  80.  Speed-Temperature  Control  Trim  and  52,  57, 
68,  and  73  to  82  Percent  Speed 


Mode  Legend:  D = Deceleration,  E - Equilibrium, 
T - Temperature 
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Temp  r'  = P Ell  PT3  TT4  TM  TT5  PT5  hVFVl  WFV  A8 
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Table  42.  Model  for  Linear  Simplified  Temperature  Control  Synthesis 


optimization  only;  not  for  transient  or  frequency  i- '_iip-x.se 


Table  43.  F Matrices  - State  r peed  Control 


1 

1 

-•292951’ 

Ol 

1 

6 

•447296 

03 

2 

6 

•756S4E 

02 

5 

a 

-*344006 

01 

8 

e 

••40OC0E 

Ol 

f 

l 

*•187786  Ol 

\ 

6 

-•1374iE  04 

3 

3 

-.6250oE 

0? 

6 

6 

*.?OOOoE 

01 

1 

1 

•»3743oE  Oo 

1 

6 

-•13169E  04 

2 

5 

-•92387E-04 

6 

6 

••20000E  01 

1 

1 

*« l4v  ~7E 

On 

1 

6 

•36740E 

03 

2 

5 

.3784?e 

02 

6 

6 

-.2000oE 

01 

1 8 .24<J75E  Oi 
? 1 -.29P15E-01 
3 3 ..625006  02 
6 6 ..20C00E  Ol 


1 2 .31c32E  01 

2 1 «.35»766»0l 
it  4 -.SOoOOE  Ol 
6 6 -.104686  0? 


1 2 .zume'oI 

2 1 ..573366.01 
» ..37f 426  0? 

7 l -.53333E  01 


j 2 • 1*>*63F  Cl 
2 1 «.60?7qE-Oi 
2 6 -<37p42E  0? 
7 1 -.533336  Ol 


100  PERCENT 

1 3 >137126  65 

2 « *>62003E  jo 
4 I.  ..30030E  01 
6 * -.247606  oi 


85  PERCENT 

1 3 «?43Q1 6 Q5 

2 ? ..60749E  00 
4 n -.141026  04 
7 1 -.533336  01 


70  PERCENT 

1 3 »iB9or>f  o5 

2 ? . .606*26  oo 

3 3 ..62500E  02 
7 a .MOOCE  05 


50  PERCENT 

1 3 >“67036  04 

2 7 ..R*93oE  00 

3 3 ..*?500E  0? 
7 « .MOOOE  05 


1 4 .833936  02 

2 3 .907516  03 
4 8 -.141026  04 
7 1 -.533336  Ci 


1 4 .623B6E  02 

2 3 .148986  04 
5 5 -. SOOOOE  Oi 
7 8 .8800.1E  *5 


1 4 .223426  0? 

2 3 .230676  04 

4  4 • . 3O0C0E  01 

3 P - . * OCObE  01 


1 4 «7l49cE  01 

2 3 .41412E  04 

4 4 • .300006  01 

5 p -.4oeooE  oi 


1 5 .30212E  04 

2 5 .37642E  02 
5 5 -.5000CE  01 
7 8 .88000E  05 


1 5 .59296E  02 
9 6 .26127E  02 
5 8 -.336556  03 
8 8 -»40000E  01 


1 5 *l3l52E  03 

2 4 -.11679E  00 
5 5 -.SOOOOE  01 


1 5 .14415E  03 
? 4 -. H679E  OC 
5 5 -.50000E  Ol 


Table  44.  G1  Matrices  - State  Speed 
and  Pressure  Control 


3  l .625006  0? 


Table  45.  G2  Matrices  - State  Speed 
and  Pressure  Control 


4  2 .9798-jE  01  8 1 *2B?406-0i 
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Table  46.  H Matrices  - State  Speeo  Control 


ino  PERCENT 


1 

1 

» lOOO^E  01 

2 

7 

•lOrooE 

oj 

3 

\ 

•ft469lE* 

■02 

3 

2 •19172E-07 

3 

3 

•25687E 

02 

* 

“•53  17E-02 

3 

5 

-.37752E 

01 

3 

ft 

• • IQ377E 

02 

4 

1 -.42773E-Q1 

4 

•11054E 

00 

* 

3 

•13019E  04 

4 

5 

•54948E  07 

4 

6 

•1085SE 

03 

5 

2 .IOOOOE  01 

S 

1 

•.48088E 

-Oi 

6 

a 

“•1333JE.01 

6 

3 

•1?<36E 

04 

ft 

k 

- • lOOOftE 

01 

6 

6 .61C35E  02 

7 

1 

•182ft2E 

-02 

7 

“•l5283E-03 

7 

3 

•13po4C 

O' 

7 

k 

• * 76^7?E*0l 

7 

5 -.J6419E  ot 

7 

ft 

••35949E 

01 

6 

3 

*.6250oE  02 

9 

3 

• 10C00E 

oi 

10 

k 

•IOOOOE 

01 

11 

5 • 10000E  :: 

12 

ft 

•IOOOOE 

01 

13 

1 

•50*05E  01 

13 

2 

•24®75E 

Cl 

;3 

• 1 3712E 

05 

1 3 

4 .83393:  02 

13 

5 

•30212E 

04 

13 

6 

. 44729C  03 

. 13 

7 

-.30C00E 

oi 

13 

9 

-•88000E 

05 

85  PERCENT 

1 

1 ' 

•lOOOoE  01 

2 

7 

• 10' COE 

oi 

3 

l 

• 76564'E- 

'02 

3 

2 ' .24081E-02 

3 

3 

•31140E 

0? 

3 

4 

-•48B61C-0? 

3 

5 

•.27(,77E 

Oo 

3 

6 

-•23279E 

01 

4 

1 -.47856E-01 

4 

2 

• 1 7l 1 8E 

OO 

4 

3 

•2032*E  04 

4 

u 

. JOt45E 

0? 

5 

9 

•10000E 

01 

6 

1 *.69ft33E“01 

6 

2 

-.4035SE- 

•Cl 

6 

3 

•20®95E  04 

6 

4 

• 1 75347E 

02 

7 

1 

• 1 239oE- 

'02 

7 

2 -.24962E-03 

7 

3 

•984S6E 

01 

7 

* 

“•39098E.01 

7 

5 

-•51570E- 

■01 

7 

ft 

• . 4877ftE 

00 

8 

3 -*ft2500E ' Og 

9 

3 

•IOOOOE 

01 

10 

4 

•1000yE  01 

11 

5 

•lOcOOE 

01 

1? 

ft 

•10000E 

01 

13 

1 .61222E  01 

13 

2 

•31032E 

01 

13 

3 

•24301E  00 

13 

4 

•62386E 

07 

13 

K 

•5929ftE 

02 

13 

ft  ••  1 3741 E 04 

13 

7 

••30000E 

01 

13 

8 

••8800ot  05 

70  PERCENT 

1 

1 

•lOCOoE  01 

2 

■» 

/ 

• lOcOOE 

01 

3 

l 

•58889E- 

j2 

3 

2 • 1 7882E- 

3 

3 

•23449E 

02 

3 

4 

“•60l*2E*0? 

3 

b 

..7«?30E 

00 

3 

ft 

-•45635E- 

03 

4 

1 -.71269E-01 

4 

2 

»£ .565E 

oc 

* 

3 

•2867JC  04 

4 

4 

• • 1+M  7E 

Oo 

4 

e 

• 745Q6E ■ 

04 

4 

<>  -.47038E  0? 

5 

2 

•1COOOE 

01 

ft 

1 

“•il3*2E  00 

e 

2 

• «2l if7E* 

■01 

6 

3 

• 32741 E 

04 

ft 

4 -.37674E  00 

7 

1 

•87170E. 

•03 

7 

a 

“•r  ’4E-03 

7 

3 

•605ft7E 

01 

‘ 7 

4 

-•2531VE- 

01 

7 

5 -.11181E  00 

7 

6 

•10211E 

00 

8 

3 

* • ( , 'OoE  02 

9 

3 

•iouooe 

01 

10 

4 

• 1 OOOPE 

01 

11 

5 .IOOOOE  01 

12 

ft 

* IOOOOE 

01 

13 

i 

•762S7E  01 

13 

2 

• 2U41E 

01 

13 

3 

• 1 89ooE 

05 

13 

ft  «223ft2E  0? 

13 

5 

•13152E 

03 

13 

6 

“•13189E  04 

13 

7 

••30CC0E 

0! 

13 

4 

• •MOOOE 

05 

50  PERCENT 

1 

1 

•lOOOoE  01 

2 

7 

•1O0OCE 

oi 

3 

1 

• 28703E • 

'02 

3 

2 .97O88E“03 

3 

3 

•10332t 

0? 

3 

4 

“.31S21E-02 

3 

5 

-.1<*397E 

oi 

3 

ft 

•ft0077E 

00 

4 

1 -.7631SE-01 

4 

2 

•45876E 

0: 

* 

3 

• j)37«  04 

4 

4 

“•U103E 

00 

4 

5 

•35977E 

02 

4 

ft  -.35377E  0? 

5 

2 

•IOOOOE 

01 

6 

1 

"•144*6E  Oo 

6 

9 

.40PS9E- 

•01 

6 

3 

•80330E 

04 

6. 

ft  *• 1 8837E  OO 

ft 

6 

-•61035E 

02 

7 

1 

•23025E.03 

7 

2 

-•55615E- 

■04 

7 

3 

•32562E 

01 

7 

4 -.84774E-0? 

7 

5 

-•28987E' 

•01 

7 

6 

•6630SE>01 

8 

3 

-.t8gcOE 

02 

9 

3 

•IOOOOE 

01 

10 

4 .10C00E  Cl 

11 

5 

•IOOOOE 

01 

1* 

8 

•lOOOoE  01 

13 

1 

•78?92E  01 

13 

9 

• HftftlE 

pi 

13 

3 .967-J3E  34 

13 

4 

•71490E 

01 

13 

3 

•14*l5E  03 

13 

6 

•36740E 

03 

13 

7 

-•30000E 

01 

13 

8 -.88C00E  05 

Table  47.  D Matrices  - State  Speed  Control 

8 1 *6Z500E  0?  1*  1 ilOoOCE  o{ 


Table  48.  Speed  Controller  Quadratic  Weights 

(Nonzero  Values:  Diagonal  Elements  Q^) 


ri 

i 

100% 

85% 

70% 

50% 

EN 

2 

. 30-4 

.30-4 

, 30-4 

. 30-4 

WFV 

8 

. 10+3 

, 10+3 

. 10+3 

. 20+2 

N - NM 

13 

. 30-2 

. 10-2 

. J.0-2 

, 10-2 

UWF 

14 

. 10+1 

. 10+1 

. 10+1 

. 10+1 
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Table  50.  Speed  State  Models  Open- Loop  Roots* 


N 

-2.90 

-1.79 

+0. 593v 

+0. 445V 

TM 

-0. 653 

-0. 700 

@0. 828^ 

00.  ^8* 

WFV 

-62.  5 

-62.  5 

-32.  5 

-62.  5 

A 

-3.0 

-3.0 

-3.0 

-3.  0 

IGV 

-5.0 

-5.  0 

-5.0 

-5.0 

BLD 

EN 

P 

-2.  0 

-2.0 

-2.0 

-2.  0 

-4.0 

-4.0 

-4.0 

-4.0 

Table  51,  Speed  State  Controllers  Closed- Loop  Roots* 


Association  No.  4(100%)  No.  7(85%)  No.  9(70%)  No.  11(50%) 


-4.  01  w 


N 

TM 

WFV 

A8 

IGV 

BLDG 

SN 

P 


-3.97 

-0.785 

-74.9 

-3.0 

-5.0 

-2.0 

-4.04 

-4.0 


Uik 

-0.  798\ 
-76.  7 


-3.94 
-0.871 
-59.  5 
-3.0 
-5.  0 
-2,0 
-4.09 
-4.0 


-3.97 
-1.  20 
-88.  1 
-3.  0 
-5.  0 
-2.  0 
-4.  05 
-4.0 


♦ Real  roots: 

Tabular  value  = root  value 

Complex  roots:  — -<s. 

Tabular  values  «(+X.  XXX,  @0.  YYY)  = (frequency,  damping  ratio) 
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Table  53.  F Matrices  - Simplified  Speed  Control 
100  PERCENT 

1 1 -.2**95 E Ol  1 2 .29975E  01  1 3 »i37l2E  g5  1 * .*339JE  02  I 5 *30*1*E  04 

1 6 .44729E  03  2 1 ..29«l5E*0l  * 2 -*62000E  00  2 3 *9075lE  03  2 S .37842E  02 

2 6 .736*4E  02  3l«*  ..50400E  0g  9 4 -.30000E  gl  9 8 -*l9t02E  04  49  «10000E  01 

5 5 -.SOOOOE  0l  5 * ».34*oOE  Ol  5 s .32784E«g2  8 8 -.20000E  01  6 8 -.S^BoE  Ol 

6 9 .2o25qE.02  7 1 *.53a33E  Ol  7 8 .BSOME  05  88  -*90000E  01  l 9 -.59909E  02 

10  1 .6489iE.02  lo  2 .i9l7*E-02  lO  3 *?56S7E  g2  10  9 ••53917E-02  10  5 *«37752E  Ol 

10  8 -.10377E  02  1010  —50000E  Oj  lOfe  .J1190E  ©9  11  1 .18262E-02  U.2  -.1528JE.03 

11  3 .1388«E  02  li  9 ..76472E-01  U 5 ..16419E  ol  11  6 -'39949E  01  HU  *»40000E  02 

1113  '1431BE  03  121*  -.20000E  03  1313  ..6WOOE  g2  1915  .lOOOOE  Ol  1514  >.g6667E  05 

1515  *.2000oE  03  1520  .lOoOOE  Ol  l8  3 .31333E  gi  1616  -.50384E  02  1617  <18800E  04 

l7it  .10OO0C  02  1815  .23651E  04  1817  ..35462E  09  1818  -.30100E  03  1820  »»59l27E  Ol 

1919  -»3lOOoE  02  2019  .30000E  02  2020  =.30000E  02 

85  PERCENT 

1 1 -.18778E  01  1 2 .31o32E  OJ  1 3 .?93giE  05  1 9 .623B6E  02  1 5 .59296E  02 

1 6 -.13791E  04  2 1 ..35c76E-0l  * 2 -.60749E  00  23  .19698E  04  26  .26127E  02 

3l6  -.5o90oE  04  48  ..30000E  Oi  9 g ..14102E  0*  99  .10000E  01  55  •. 50000E  01 

5 8 *.336SsE  02  59  .32784E-02  8 6 ».20000E  ol  88  -.10468E  02  0 9 .20250E-02 

7 1 -.33333E  Ol  7 8 iS80oOE  05  8 8 ..40000E  Ol  -9  9 -.59909E  02  10  1 «76584E-02 

10  2 »2408iE.02  lo  3 .3lj40E  02  1©  4 -.48861E-02  10  5 -.27477E  00  1(J  8 *‘23279E  01 

1010  -*5oOOoE  02  101?  .11 190E  Og  ll  i .12390E-02  11  2 -.24962E-03  11.3  .98456E  Ol 

11  4 •.59098C.01  11  5 ..51570E»01  ll  6 -.4B776E  go  1111  -.40000E  02  1113  .14318E  03 

1212  -.20000E  03  13l3  ..62500E  0?  I9j5  .10000E  01  1519  -.26667E  05  1515  -.20000E  03 

1520  .I0OO0E  Ol  16  3 .31333E  Ol  1816  ..50384E  g2  1617  .i88goE  04  1718  .lOOOOE  02 

1«15  *2365iE  04  lbi7  ..3S462E  04  1*18  ..aclOOE  03  1820  -*59127E  01  1919  ••31Q00E  02 

2019  «3000oE  02  2020  ..3O0OOE  02 


70  PERCENT 

1 ! ..3743qE  0g  1 2 .2l64lE  Ol  1 3 «TS900E  c5  1 9 .22343E  03  1 5 .13152E  03 

1 6 -.13169E  04  2 1 ..57336E-01  2 ? -.60688E  00  23  .23067E  04  24  -.11679E  Oc 

2 5 -.92387E-04  2 6 ..3?g42E  02  3ig  ..50*00E  0*  44  -.30000E  01  49  .10000E  Ol 

5 5 *.5oOOoE  Ol  59  .32784E-0?  6 (,  ..20000E  01  69  .20250E-03  7 1 ».53333E  Ol 

7 8 .88OO0E  05  88  ..40goOE  Ol  99  ..599Q9E  Q?  10  1 .58889E-02  1C.2  .17882E-02 

10  3 .23449E  02  lo  9 -.60192E-02  10  5 ..7893CiE  go  10  6 -.45635E-33  IgiO  *.50000E  02 

1012  •! ll9oE  04  11  1 .67i70E-03  11  2 -.13894E-03  11  3 -6P567E  01  11  9 »»25317E-01 

11  5 -.lllSlF  00  11  8 • 1031  IE  Qg  liil  -.40000E  g2  1113  .14318E  03  1212  ».?OOOOE  03 

1313  *.t250oE  02  1415  .10000E  Ol  15J4  ,.?6667E  g5  1515  -.20000E  03  15?0  «10000E  Ol 

l*  3 .3l3?3E  01  1616  -.50384E  02  1817  .l*8ooE  g4  1718  .100C0E  02  1815  .2365lE  04 

1817  -.3596?E  04  1818  ..30100E  03  1*20  -.59127E  31  1919  -OlOOOE  02  2019  .30000E  02 

2020  -.3000o£  02 


50  PERCENT 

T 1 ” « 1 4077E  00  1 2 .14frfc3E  of  1~ 3 .96Tg3E  04  1 ‘ »7T*9oE  01  1 5 .14415E  03 

1 6 .36740E  03  2 1 -.8027gt-0l  2 ? ..56930E  00  23  .41412E  04  24  ..11679E  OC 

2 5 «3784jE  0?  26  .,37g*?£  p?  3jg.  -.5090CE  0*  44  <».3Q000E  01  4 9 .lOOOOE  Ol 

5 5 -.50000E  Ol  59  .32784E.O?  6 6 -«?OOOOE  01  6 9 .20250E-C2  7 1 *»53333E  01 

7 8 «8800oE  05  83  .,40oOOE  Ol  99  -.59909E  02  10  1 .2S7C3E-02  10.2  .97088E-03 

10  3 .10332E  02  lo  9 -.31E21E-02  10  K -.1*39?E  gg  10  6 .60077E  00  1010  -*50000E  02 

1012  «lll8oE  04  11  1 .23r,25E-03  U 2 -.55615E-04  J1  3 .32552E  01  11  * -*84774E-02 

11  5 • *28987E»0l  11  6 ,60305E*Oi  Ull  -.4000CE  02  J113  .14318E  03  1212  -.20000E  03 

1313  -.6250oE  02  1415  .lOoOOE  01  1814  -.26667E  o5  J515  -.20000E  03  1520  »10000E  01 

16  3 «3l333E  01  1616  -.50384E  C?  181  .l«8goE  04  1718  .1000CE  02  1815  «2365lE  04 

1817  - • 35962E  04  I818  ..OOioOE  03  l8?"  -.59127E  01  1919  -.31000E  02  Onl9  «30000E  02 

2020  ”»3000oE  0? 
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Table  54.  G1  Matrix  ?s  Simplified 
Speed  Control 

191  . 31000E  02 


Table  55.  G2  Matrices  Simplified 
Speed  Control 

81  . 28240E-01  92  . 60150E  03  123  .20000E-01  134 


Table  56.  H Matrices  - Simplified  Speed  Control 


100  PERCENT 


1 1 

•lOOOoE  Ol 

c 

7 

•lOoOOE  01 

l i 

•6489lE«oE 

3 2 

•19172E-02 

3 4 

-.#3*i7E.02 

3 

5 

..37752E  Ol 

3 A 

-ti0377E  02 

4 1 

-.4?777E«01 

♦ 3 

•13019E  04 

4 

5 

•54£8SE  02 

* 6 

•10B58E  g3 

5 2 

•10000E  01 

6 2 

••13532E-01 

6 

3 

. 13j36E  04 

6 4 

»• 10006E  01 

6 6 

•6103SE  OS 

7 2 

”.15Z>3E-03 

7 

3 

.13864E  OS 

7 4 

••76472E«ol 

7 5 

-•16419E  01 

• 16 

••SO^OoE  04 

9 

3 

•10000E  Ol 

10  4 

•10000E  gl 

ii  s 

•10000E  01 

l3  1 

•5070SE  01 

13 

2 

.24975E  01 

13  3 

•13712F  g5 

13  * 

•83393E  OS 

13  6 

•44729E  03 

13 

7 

••30000E  01 

13  8 

-•S8000E  05 

15  4 

••30000E  01 

15  9 

•IOOOqE  01 

16 

5 

••50oOOE  Ol 

16  8 

-•34400E  01 

16  9 

■32784E-02 

17  8 

••2476qE  Ol 

17 

9 

•20250£*02 

1*10 

•50000E  02 

1911 

•40000E  02 

85  PERCENT 


1 

i 

• ioooot  01 

2 

7 

• lOoOOE  01 

3 

1 

•76564E- 

■02 

3 

2 

•24C8lE*02 

3 

4 

• .48**1  E.  02 

3 

5 

-.27*77E  00 

3 

ft 

••23273E 

01 

4 

1 

-.47856E-01 

4 

3 

•203 4 5 * 72aE  04 

4 

A 

.35645E  02 

5 

2 

•10000E 

31 

6 

1 

-■6963OE-01 

6 

3 

•20895E  04 

6 

4 

..75347E  OQ 

7 

1 

■l239oE 

■02 

7 

2 

-■24962E-03 

7 

4 

-.59098E-01 

7 

5 

-.51E7QE-01 

7 

ft 

• • *877aE 

00 

.816 

-•50400E  04 

10 

4 

•IOOOqE  Ol 

11 

5 

•10000E  01 

1 2 

ft 

•lOOOOE 

01 

13 

1 

■61222E  01 

13 

3 

■2430lE  05 

13 

4 

.623B6E  Og 

13  5 

•59296E 

32 

13 

A 

-•13741E  04 

13 

8 

••3800oE  05 

15 

4 

..30000E  01 

15 

* 

-•14102E 

04 

15 

9 

•1OO0OE  01 

1*  8 
i»ie 

••33655E  02 
•SOOOoE  02 

16  9 
1911 

.327R4E-0? 

• 40c00E  0? 

1 7 

ft 

-•POOOOE 

01 

17 

8 

-•10468E  02 

70  PERCENT 


1 l 

•lOOOoE  Ol 

2 

7 .lOcOOE  01 

3 

i 

•58889E-:2 

3 

2 

■17882E-0S 

3 4 

■•6ol*3E<>0? 

3 

5 ..7B930E  00 

3 

A 

• <45 635E ~03 

4 

1 

-•71269E-01 

* 3 

•28673E  04 

4 

4 ..14517E  00 

4 

K 

•74506E-04 

4 

6 

•■47Q38E  32 

* 1 
7 2 

••ll3*2E  Oo 

A 

2 -.2ii67E-01 

6 

3 

■32741E  54 

A 

b' 

-•37674E  00 

• • 1 3B9*E-03 

7 

3 .60567E  Oj 

7 

4 

-.25317E-01 

7 

5 

-■11181E  00 

*16 

*.50*OoE  04 

9 

3 • lOcOOE  OJ 

10 

4 

• 10000E  J1 

11 

5 

•10000E  01 

13  1 
13  6 

•76®57E  Ol 

13 

2 .2U41E  01 

1 3 

3 

•1 890oE  g5 

13 

4 

■22342E  02 

••131B9E  04 

13 

7 ..30C00E  Ol 

13 

a 

-»28000E  05 

15 

b 

-•30000E  01 

1*  5 
1911 

*.5000oE  01 
,*OOOoE  02 

lb 

9 .32784E-02 

17 

A 

••20000E  01 
50  PERCENT 

17 

9 

•20250E*0? 

1 1 

•lOOOoE  01 

2 

7 • lOcoOE  01 

3 

i 

•?8703E«02 

3 

2 

■97088E-03 

3 4 

*«3l52iE»02 

3 

5 ..14397E  00 

3 

6 

•60077E  go 

4 

1 

-.76315E-01 

4 3 

•39372E  04 

4 

4 -.11103E  Oo 

4 

5 

.35977E  32 

4 

6 

-• I5077E  02 

6 i 

-•1442aE  00 

A 

2 .40889E-01 

6 

3 

• Ao33qE  g4 

6 

b 

— 1JM7E  00 

7 i 

•23025E-03 

7 

2 »s55610E»04 

7 

3 

•32562E  ol 

7 

b 

-.84774E*0S 

7 6 

•A0305E-01 

816  -.5040QE  04 

9 

3 

•10000E  01 

10 

% 

•10000E  01 

1?  6 

•lOOOoE  Ol 

13 

1 .78592E  01 

1 3 

? 

• 1 4663F  01 

13 

3 

•96703E  04 

13  5 

•14*15E  03 

13 

6 ,3*740E  03 

13 

7 

-00000E  01 

13 

a 

-■88000E  05 

15  9 
1*10 

•IqOOo!  Ol 
•SOOOoE  02 

16  5 ••50000E  Ol 
1911  .40000E  0? 

1* 

9 

■32784E-02 

17 

6 

••20000E  01 

. 50705E  01 


3 3 'I8H7E  os 

4 S »1109*E  00 

A l •»4>08«C»0l 
7 1 •llt*ec«02 
7 6 «OS949C  oi 

12  6 •10003E  01 

13  5 •30213E  04 

15  8 ••14102E  04 
17  6 ••■20000E  01 


3 3 • 31 1 4oE  02 

4 2.  .17H8E  0C 

6 2 -.40356E-01 

7 3 .98456E  01 

9 3 • 10000E  01 

13  2 -31032E  01 

13  7 <*»30000E  01 
18  5 ••50000E  01 
17  9 *2025oE»02 


3 3 .23449E  32 

4 2 .24565E  0c 

5 2 *10CO0E  Cl 

7 1 »67l7oE-03 

7 6 .10211E  CC 

12  6 * 1 OOOQE  01 

13  5 *13152E  03 

lb  9 • 10000E  01 

1810  •SOOOOt  02 


3 3 .10332E  02 

4 2 .45S76E  OC 

5 2 »-10000E  01 

A 6 ••61035E  02 

7 5 -«2»9B7E*0l 
11  5 • lOOOoE  01 

1 3 4 «7149oE  01 

15  4 ..30000E  01 
17  9 »20250E-02 
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Table  57.  D Matrices  - Simplified 
Speed  Control 


1*  1 .lOOOot  Oj 


Table  58.  M Matrices  - Simplified  Speed  Control 


1 1 

• lOOOoE 

01 

4 3 

•13864E 

02 

6 1 

•6489ie. 

■ 02 

6 6 

-*1o377E 

02 

mi 

•4o30oE 

02 

1616 

* I0OO0E 

01 

1 

1 

•lOOOoE 

01 

4 

3 

•9B456E 

Ol 

6 

1 

•765*4E. 

■ 02 

6 

6 

••23279E 

Ol 

mi 

•4000oE 

02 

1616 

•1000o2 

Ol 

1 1 

•lOOOoE  Ol 

* 3 

•6o56?E  Ol 

* 1 

•58889E.02 

6 6 

» • 45635E-03 

1111 

.40OO0E  02 

1616 

•IOOOqE  Ol 

1 1 

•lOOOoE 

Oi 

6 6 

•lOOOoE 

Ol 

nu 

•40000E 

02 

1616 

•lOOOoE 

Ol 

2'  2 . 10000E  01 

4 4 ••76«7?E*0l 

6 ^ .l9l72E-0g 

7 7 .lOeOOt  01 

121?  .10CO0E  01 

1717  • lOoOOE  01 


2  2 • 10000E  Oi 

4 4 ..S9098E-Ol 

6 2 .540aiE*02 

7 7 • 10000E  01 

1212  .1000CE  Oi 

1717  .10000E  01 


2 2 •tooooE  01 

4 4 -.253J7E-01 

6 2 .17882E-02 

7 7 • lOoOOE  01 

1212  • lOoOOE  01 

1717  • 10000E  01 


2 2 .lOoOOE  01 
7 7 • 10000E  01 
1212  .lOoOOE  01 
1717  .lOoOOE  01 


100  PERCENT 

3  3 *{OOOOE  01 
* S »*16419E  gl 
8 3 *256872  o2 

8.8  *100002  01 

1313  *100002  oi 

1*18  *100002  oi 


85  PERCENT 

3  3 ••  *100002  gl 
* 5 .*515702-01 
6 3 *311402  q2 

8  8 *100002  01 
1313  *100002  oi 

1*18  *100002  oi' 


70  PERCENT 

^t3  * IOOOQE  01 

* 5 -*111812  00 
8 3 *534492  02 

8.8  *100002  oi 

1313  *100002  01 

1818  *100002  01 


50  PERCENT 

3 3 *100002  01 

8.8  *100002  01 
1*13  *100002  01 

l8is  *100002  ol 


4 1 

•18262E-02 

4 6 

-35949E  01 

6 4 

-•53417E-02 

.9  9 

•IOOOQE  01 

1*1* 

■100002  01 

1919 

•;ooooe  oi 

4 1 

•12390E-02 

4 6 

•*4877ftE  00 

6 4 

-•48861E*02 

9 9 

•10000E  01 

1*1* 

• 10000E  01 

1919 

• IOOOQE  01 

4 

1 

.$717gE-o| 

4 

6 

•102112  00 

6 

4 

••$01*22*08 

9 

9 

■100002  01 

1*1* 

•100002  01 

1919 

•10000E  01 

4 4 

•100002 

01 

9 9 

•100002 

01 

1414 

•100002 

01 

1919 

•100002 

01 

4 2 .*152832-03 

5 5 *100002  01 

$.5  .*377522  01 

1010  *500002  05 

1515  *100002  01 

2020  *100002  01 


4 2 .*249622-03 

5 5 .100002  Oi 

6.5  *.?74772  00 

loio  *500002  05 

1515  *100002  01 

2020  *100002  Oi 


4 2 *.$*8542. 03 

5 5 *100002  01 

$ 5 • • 7893ot  00 

1010  *100002  05 
1515  *100002  01 

2020  *100002  01 


5.«  *100002  01 
1010  *500002  0* 
1515  *100002  01 
2020  *100002  01 


I 

i 

I 


I' 


! 


k 

I 

1 *• 
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e 59.  Simplified  Speed  Control  Closed- Loop  Roots 


: ■•»tf^»gvr^K:  .<«j*3^r^^ 
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*ETA  3 yields  a PT3S  response  of  0.  5 psi  rms;  ETA  2 yields  a PT5S  response  of  0. 2 psi  rms. 


Table  61.  P Matrices  - State  Pressure  Control 


100  PERCENT 


1 1 «.2i273E  01 

1 

2 .22233E  01 

1 

3 M0283E  05 

l 

4 .B8897E 

02 

i 

5 *20208E  04 

1 * -.13*32E  03 

2 

1 -.58483E-01 

2 

2 • • 62000E  00 

2 

3 .B8597E 

33 

?. 

S .37842E  02 

2 6 .113S3E  C3 

3 

3 -.62600E  Og 

4 

4 -*30000E  51 

4 

a *• 141 02E 

04 

5 

6 -.500002  o; 

5 8 *.3440oE  0l 

6 

6 ..?OoOOE  Ol 

6 

8 ••24760E  51 

7 

l -.10625E 

00 

7 

2 -.20509E-0? 

7 3 *«27*09E  03 

7 

4 .77$57E.Q1 

7 

*i  .35407E  02 

7 

6 • 12632E 

03 

7 

8 *34C00E  04 

* 8 *.*OOOoE  01 

85  PERCENT 

l 1 •*78«7E  Oo 

1 

2 .20990E  Oj 

1 

3 .IlSlSE  03 

1 

4 « 1 1643E 

03 

1 

5 .274022  03 

1 6 ••1760qE  04 

2 

1 •i2l583E  00 

2 

2 •<5866BE  00 

2 

3 • 16027E 

04 

2 

« ••J1679E  Oc 

2 3 •30*32E  02 

2 

4 ..26i27E  0? 

3 

3 • «625ooE  02 

4 

4 -.3000OE 

01 

4 

3 ".14102E  04 

3 S ••50000E  01 

5 

* ..33*55r'  02 

6 

6 -*20000C  oi 

6 

8 • • 104681 

02 

7 

1 4.16373E  00 

7 8 *t6*3>4E-0? 

/ 

3 ..7S4ME  OJ 

7 

4 .11237E-01 

7 

A » 17228E 

02 

7 

6 <16?39E  01 

7 8 .34OO0E  O'* 

8 

• •*40000E  Oi 

70  PERCENT 

1 1 *18223E  Oo 

1 

2 .19{,82E  01 

1 

3 .12933E  55 

1 

4 .40137E 

02 

i 

5 .177322  03 

1 6 *.376SbE  03 

2 

1 >i21i32E  00 

2 

2 ••SB421E  00 

2 

3 .?322oE 

34 

? 

4 • *1 1679E  00 

2 5 .378*2E  02 

2 

6 ..75684E  02 

3 

3 *.f2500E  02 

4 

4 -.30000E 

oi 

5 

5 -»50000E  Ol 

6 6 ••2oOOoE  0i 

7 

1 ..43939E-01 

7 

2 ..34612E-02 

7 

3 -.37358E 

Og 

7 

4 • 1 1319E-01 

7 S .49i*9E  01 

7 

6 «ri2?13E  0? 

7 

8 *88000E  03 

8 

8 -.40000E 

01 

• 

50  PERCENT 

1 1 .538OSE  oo 

1 

2 .14508E  oi 

l 

3 .4>85o5E  04 

1 

4 .137?3E 

02 

i 

5 .96»37E  02 

1 4 .4643*1'  03 

2 

1 «.22*76E  OO 

2 

2 ..«4284E  53 

2 

3 .42648E 

04 

2 

4 -»35o37E  Oc 

2 5 •»184^7E*03 

2 

6 ..7S*84E  02 

3 

3 •»48500E  02 

4 

4 -OOOOOE 

01 

5 

6 -.50000E  Ol 

<■  6 ••2t00oC  Oi 

7 

1 ..l7gi4E*0l 

7 

2 «.259lSE-o? 

7 

3 -*2276iE 

oe 

7 

* •18S4SE-01 

> 5 .134l«t  Oi 

7 

6 ..4576SE  01 

7 

8 .56000E  03 

a 

8 -.40003E 

01 
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1 

4 

i i 

•lOOOoE  01 

2 7 • IOqOOE  Cl 

3 i 

i 

3 4 

■•58l*SE*92 

3 5 ..415556  01 

3 t, 

. 

6 } 

•12702E  04 

4 4 ..8i*27E-0Q 

* 5 

* 1 

••lOl^sE  00 

6 2 .•22}70E*0l 

8 3 

6 6 

•12207C  03 

7 1 .21738E-02 

7 2 

7 6 

*.1251ol  Ol 

7 6 -.31i37E  01 

8 3 

11  5 

•IoOOqE  Ol 

12  6 .IOOOOE  Ol 

13  1 

: 

13  4 

•609*8E  Oo 

13  5 ..46j72E  0? 

13  6 

Table  6?.  H Matrices  - State  Pressure  Control 

100  PERCENT 


1 

3 

4 
* 
6 

li 

13 


1 

3 

4 
6 

S' 

7 

u 

*3 


1 

3 

4 
6 
7 
7 

1* 

13 


•IOQOqE  01 
•«S4278E.03 
• Sl55(,E  04 
••3525gE  00 
•*42l6oE  02 
••27»*6C  00 
•10000E  01 
•14l»4E  01 


•IqOOoE  01 
••21*23£.02 
•?7>l6E  04 
-.35934E 
•-12207E 
-.lll»2E 
•lOOOoE  01 
•31999E  Oo 


Oo 

03 

00 


•lOOOoE  01 
•.205Z7E.O? 

•3*5®8E  04 
•*38l0lE  00 
•33504E.03 
•10®®4E  Oo 
•lOOOoE  Ol 
-•386B9E  00 


«79*84E-o?  3 2 

-•94?4CE  01  4 1 

• 54?Si4E  02  *6 

•132H1E  Q4  64 

-•27403E-Q3  7 3 

• «*250t)E  g2  9 3 
•1423JE  00  13  2 

••17143E  03  13  7 


85  PERCENT 


•15382E-02 
••83848E-01 
•16276E  03 
••6§705£  00 
•1 1960E  02 
•10000E  01 
•47526E-01 
••75000E  01 


70  PERCENT 


2 

3 

4 

6 

7 

7 

12 

13 


2 

3 

4 
6 

7 

8 

13 

13 


50  PERCENT 


• 10C00E  Ol 
-.23P72E  00 
••3Qq?2E  Oq 
.79i94E-0t 
..12594E-03 
..62f00E  02 
«27*49E«0l 
•66jo9E  01 


X 1 
^ 6 

* 5 

8 3 

7 3 

9 3 
13  2 
*3  7 


.32277E-02 
•ftSSlSE  00 
•29802E-03 
•658Q9E  0* 
•22742E  ol 
•10000E  01 
•83062E*02 
-•30000E  01 


3 

4 
4 
6 
7 

10 

13 

13 


3 

4 

5 

6 
7 

10 

13 

13 


•48590E-03 
••19291E  00 
••44959E  0? 
••75347E  OQ 
-•1 ?186E-01 
•1Q000E  01 
-.20840E  03 
••56000E  03 


Table  63.  D Matrices  - State  Pressure  Control 

100  PERCENT 

8 1 .6250gE  02  13  1 .12942E  14  1*  1 -lOCOOE  ol 


2 

7 

•IOOOOE  Ol 

3 

1 

•l228oE*0l 

3 

2 

•48288E' 

■03 

3 

3 

5 

••12921E  01 

3 

6 

••12176E  03 

4 

1 

-•29029E 

00 

4 

4 

4 

..15706E  OQ 

4 

5 

•41U87E  02 

4 

6 

••35136E 

oe 

5 

6 

2 

.2l499E*0l 

6 

3 

•24080E  Q* 

6 

4 

-•13186E 

01 

6 

7 

1 

•289P6E-0e 

7 

2 

— 47983E-03 

7 

3 

•51329E 

01 

7 

7 

6 

•2S724E«0l 

8 

3 

••62500E  03 

9 

3 

•IOOOOE 

01 

10 

12 

6 

•IOqOOE  Ol 

13 

1 

•23580E  00 

13 

2 

• 35150E- 

-01 

13 

13 

5 

*.18002E  02 

13 

6 

.•23817E  02 

13 

7 

-•75000E 

01 

13 

7 

•IOqOOE  OT 

3 1 

•823866*02 

3 

2 

•64898E* 

■03 

3 

3 

5 

«.92i55E  Oq 

3,  6 

•24212E  01 

4 

1 

••25316E 

00 

4 

2 

4 

••13991E  Oq 

* 5 

•45333E  03 

4 

6 

••90665E 

0? 

S 

2 

2 

«23q93E*01 

8 3 

• 38 1 1 1 E 0* 

6 

4 

-.75347E 

10 

6 

9 

1 

• H009E-0? 

7 2 

— ?0302E*03 

7 

3 

•40736E 

01 

7 

4 

6 

•39p36E  OQ 

8 3 

-•62500E  02 

9 

3 

•IOOOOE 

01 

lo 

4 

6 

•IOOOOE  01 

13  1 

• <,7273E-gi 

13 

2 

•21028E" 

*11 

13 

3 

5 

-.12B17E  01 

13  6 

•14376E  o2 

13 

7 

• »30000E 

01 

13 

8 

3 

4 

5 

6 

7 

11 

f3 


•20707E  02 
• UllOE  00 
•10000E  01 
•61035E  02 
•.79991E-01 
• lOOOOE  01 
••79671C  03 
■•33S40E  04 


•86346E  31 
*2U02E  00 
• IOOOOE  01 
•49278E  02 
••10672E  00 
•IOOOOE  01 
••91285E  02 
••33541E  04 


•70047E  01 
•30015E  00 
•IOOOOE  01 
.61035E  02 
■•J9345E-01 
•IOOOOE  01 
..27370E  03 
••BBOOOE  03 


•42676E  01 
•93408C  OC 
•IOOOOE  01 
•»12207E  03 
••29494E-01 
•IOOOOE  01 
.33812E-01 


85  PERCENT 

8 1 >62®OoE  02  13  1 .33?66E  33  l1*  1 ‘IOOOOE  01 

70  PERCENT 

8 1 .62500E  02  13  1 .43779E  03  1*  1 MOOOCE  01 


50  PERCENT 

8 1 .6250qE  02  13  1 .26t>72E  33  l4  1 •IOOOOE  Ol 
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Pressure  Controller  Quadratic  Weights  {Nonzero 
Values:  Diagonal  Elements  Q^) 


Table  66.  Boundary  State  Models  Open- Loop  Roots* 


Association 


100% 


N 

-2.04 

+0.957w 

+0. 556k 

+0. 184k 

itv*  m 

1 XVi 

-0.712 

(80.  719A 

00.  361f 

00.013' 

WFV 

-62.  5 

-62.  5 

-62.  5 

-62.  5 

A8 

-3.0 

-3,0 

./# 

-3.0 

IGV 

-5.0 

-5.  U 

-5.  0 

-5.  0 

BLD 

-2.0 

-2.0 

-2.0 

-2.0 

P 

-4.0 

-4.0 

-4.0 

-4.0 

Table  67.  Pressure  State  Controllers  Closed- Loop  Roots* 


No.  203(100%)  No.  201(85%)  No.  17(70%)  No.  19(50%) 


+4.  06\ 


PT3 

+10.  0. 

-9.89 

+4.  00y 

TM 

-0.796  \ 

-0. 894 

-0.960  \ 

WFV 

-5,98  \ 

-26.  1 

-14.9  \ 

A8 

-3.0  1 

-3.  0 

-3.0  1 

IGV 

-5.0  / 

-5.0 

-5.0  / 

BLD 

-2.0  / 

1 

* 

o 

-2.0  / 

EP 

00.  999^ 

-10.  1 

00.999 

P 

-4.0 

1 

« 

o 

-4.0 

@0. 998 
-4.  0 


♦ Real  roots; 

Tabular  value  = real  value 

Complex  roots;  ~ — v 

Tabular  values*  (+X.20fXX,  @0. YYY)  = (frequency,  damping  ratio) 
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Table  69.  F Matrices  - Simplified  Pressure  Control 


1 1 *»2l273E  Ol 

1 6 03 

2 6 *1 t3®3E  03 

5 5 *»SOOOoE  Ol 

6 9 »2o2®oE-02 

10  1 •796S4E.02 

10  6 -.947*oE  01 

11  3 •113*0E  03 

1113  •l*3l8E  03 

1*15  ••2oOOof  03 
1718  .loOOoE  0? 
1519  *.3100oE  02 


1 2 .22233E  01 

2 1 ..S8i,83E-0l 
316  •«50»00E  0% 
5 * ••34400E  Ol 
7 8 .35332E  04 

10  2 •15382£*02 
1010  «.50q00E  0? 

11  **  -.79s9lE*01 
1212  ••20000E  0J 
1520  '10000E  01 
1815  .23651E  04 
1921  .31qoOE  0? 


1 1 «.7»927E  00 
1 *■  •*17*001  04 
5 .305*2E  0? 

4 9 • lOOOoE  01 

6 8 ••10**8E  02 
3 '.59909E  02 

10  •;  -.1292ie  oi 

11  ? *.47983E.03 
Hi;  • • 4oOOoE  02 
1*U-  * 26667E  05 

Jt;7  5 !t«OoE  04 
1«2P  *<-59i27E  01 
P121  '••loOOoE  07 


1 1 .18223E  00 

1 6 ».37655E  03 

2 5 .37842E  02 

5 5 -.5C)OOot  Oi 
710  *»26667E  03 

10  3 .7oO*7E  01 

1012  *1 ll®0E  04 

11  5 *.U192E  00 

1313  «.625JoE  02 
1*  3 .31333E  Ol 

1«17  -.35*82E  04 
2019  .3oOOoE  02 


i i *538096  CO 

1 6 »4643fcE  03 

2 5 -*1S877E-C3 
5 5 -.3000CE  Ol 
710  ••26667E  0? 

10  3 .42676e  Ol 

1012  *1 1 l8nE  04 

11  5 **29934E.0l 

1313  -.6250oE  02 
16  3 < 31 33be  01 

1817  *.35 46?£  04 
2019  • 1500^£  0? 


1 2 .20990E  Oj 

2 1 0.21&85E  00 
2 6 ..26i27E  02 

5 5 -,6ocOOE  Ol 

6 9 .20250E-03 

ic  1 *l2gaoE-oi 

10  6 **12i76E  Oq 

11  3 .51329E  01 

1113  .14318E  03 

1515  -.20000E  03 
17l«  .iOeOOE  02 
19l9  ••31000E  02 


1 2 .19«82E  01 

2 1 — 21132E  00 
2 6 ••75684E  02 
5 9 *32784E-0? 
8 8 ••40000E  Ol 

10  7 -*8l223E-0? 

11  1 *11009E-0? 
11  6 .39236E  OQ 
1415  • 10000E  Ol 
1618  -.50384E  02 
1818  *.3Oi00E  03 
2020  «.30000E  02 


1 a ‘i^soeE  oi 

2 1 •'.22476E  Oo 
2 6 -.75«84E  0? 
5 9 .32784E-0J 
8 8 ..40Q00E  Ol 

10  4 -.20527E-02 
It  1 .335C4E-03 
*1  8 * 10484E  Oq 
14l5  .10C00E  0j 
lfcl6  ..50384E  02 
1818  •. 30 1 OOE  03 
2020  ••15-ipoE  0? 


100  PERCENT 
1 3 *10288E  35 

1 4 

f 

•S3897E 

02 

1 5 

2 2 

••6?oooE  00 

2 3 

•88597E 

03 

2 5 

9 4 

••30000E  Ql 

4 8 

••14103E 

04 

4 9 

5 9 

’32784E-Q2 

6 6 

••20003E 

01 

6 8 

7i6 

• •6666‘SE  33 

s a 

*•400 OCE 

01 

9 9 

10.3 

•80707E  02 

io  4 

••55168E 

*02 

lQ  5 

1012 

•} 1 I80E  04 

n 1 

•21738E 

•Og 

11.2 

U 5 

• *l'251oE  ol 

U 6 

••31137E 

01 

till 

1313 

••625qoE  q2 

1415 

•iqoooe 

01 

1514 

1*  3 

•31333E  Ql 

1616 

**50384£ 

02 

1617 

18j7 

••35462E  Q4 

1»18 

••30100E 

03 

1920 

2019 

*3000oE  02 

2020 

-•30000E 

02 

2121 

85  PERCENT 

1 3 •ii3i?E  o5 

1 4 

•11643E 

03 

1 5 

e 2 

••5B668E  00 

2 3 

• 16027E 

09 

2 4 

3{6 

•«50400E  0* 

4 k 

-•30000E 

01 

4 6 

5 4 

-•33655E  02  * 

5 9. 

•32784E* 

02 

6 6 

7 8 *34000C  J4  710  **66667£  03  88 
10  2 *4S288E»q3  Jo  3 .54346E  01  1q  4 
lOlo  ..BOOOOE  02  1012  *11 I80E  04'  ll  1 
U 4 ..10672E  00  11  5 ••P7966E  00  11  6 
1212  -*?OOOOE  03  1 31 3 -.62500E  02  l4j5 
1=20  *10000E  01  I*  3 *31333E  01  16J6 
1 ® 1 *2365lE  0“  1817  **35462E  04  1818 
1®21  *31 OOOE  02  2019  .30000E  02  2020 


70  PERCENT 

1 3 •{2933E 

Q5 

1 4 

•40137E  3? 

1 5 

2 2 -•58421E 

00 

2 3 

•23220E  0* 

2 4 

31 6 ••5o>ooE 

04 

4 4 

-•30000E  oi 

4 9 

6 6 ■•20000E 

01 

6 9 

•20250E-0? 

7 8 

9 9 ..59909E 

02 

io  1 

•8g386E»0g 

10-2 

10  5 ..92155E 

00 

10  6 

. -24212E  01 

1010 

11  2 *»20303E • 

'03 

11  3 

•40736E  01 

11.4 

Hit  ..4QOOOE 

02 

1113 

•14318E  03 

1212 

I5j4  ..53333E 

05 

1515 

••40000E  03 

I5g0 

1*17  • I88OOE 

04 

1718 

•10000E  02 

1815 

1*20  ..59127E 

01 

1919 

* • 1 2000E  02 

1921 

2lpi  ••10000E 

07 

50  PERCENT 


1 1 »68505E 

34 

1 4 

•1,  JSE 

02 

i 5 

2 2 ••542B4E 

30 

2 3 

•42628E 

04 

2 * 

31 6 ••504Q0E 

0“ 

4 4 

-•30000E 

oi 

4 3 

6 6 -•20003E 

01 

6 9 

• 20250E' 

•02 

7 8 

9 9 ..59909E 

02 

10  1 

•32277E' 

■32 

16.2 

10  4 -.23272E 

00 

10  6 

•85815E 

03 

1 Q 1 0 

11.2  ••12594E»o3 

11  3 

•22742E 

01 

11.4 

lljl  *»*OOOOE 

02 

1113 

•14318E 

33 

1212 

I5j4  ..53333E 

?5 

1515 

••40C00E 

33 

15g0 

l6i~  *188ooE 

0» 

1718 

• 10000E 

02 

1815 

l82n  - 59127E 

01 

1 91 9 

"•30000E 

0? 

1921 

2121  ••IOOCOE 

08 

•20208E  04 
•37842E  02 
•10000E  01 
•»24760E  Ol 
••59909E  02 
••41555E  Cl 
-•27403E-03 
4*40O00E  02 
-•g6667E  35 
•18800E  04 
..59127E  oi 
••10000E  07 


•27402E  03 
•*11679E  OO 
••14102E  04 
••20000E  Ol 
••40000E  Ol 
••84p7BE»03 
•28926E-02 
•26724E-01 
•10000E  01 
••50384E  02 
••30100E  03 
••30000E  02 


•17702E  03 
••11679E  00 
•10000E  01 
•880OOE  03 
•64898E-03 
••50000E  Og 
••39345E-01 
••20000E  03 
•10000E  01 
.47302E  04 
•12000E  02 


•96437E  02 
••35037E  33 
•10000E  Oi 
•560O0E  Oj 
•48590E.03 
••50000E  02 
••121866*01 
••POOOOE  03 
•iOQOOE  01 
•47302E  0# 
•30000E  02 
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Table  70.  G1  Matrices — Simplified 


0 

1 

U 


S 

s 

M 

a> 

(h 


e- 

r- 

e- 

00 

0 

0 

0 

O 

+ 

+ 

+ 

+ 

ft 

u 

ft 

4- 

ft 

g 

0 

•g 

0 

“S 

0 

c 

O 

4) 

0 

0) 

0 

§ 

0 

y 

O 

(j 

0 

0 

0 

0 

0 

0 

O 

(4 

0 

(4 

0 

(h 

0 

»4 

O 

0) 

V 

H 

4> 

rH 

4) 

T— 1 

ft 

• 

ft 

• 

Pu 

« 

ft 

• 

O 

+ 

m 

+ 

0 

+ 

0 

+ 

O 

rH 

00 

rH 

II) 

rH 

rH 

t4 

rH 

rH 

Ol 

O 

u 

* 

o 

U 

E 

s 

a 

m 

0) 

u 

ft 

x> 

V 


a 

3 

CO 

I 

I 

to 

V 

a 


s 

CM 

a 


te- 

ll) 

-h 

H 


c 

a> 

o 

u 

v 

ft 

o 

o 


eo 

CO 

rH 

0 

O 

O 

1 

1 

1 

ft 

ft 

ft 

0 

O 

0 

0 

O 

0 

0 

O 

0 

m 

w 

m 

CM 

CM 

CM 

• 

* 

• 

+ 

+ 

+ 

■* 

M< 

T 

eo 

eo 

CO 

rH 

rH 

rH 

eo 

CO 

CM 

O 

0 

O 

1 

1 

1 

ft 

ft 

ft 

O 

0 

O 

O 

0 

O 

0 

0 

O 

O 

0 

O 

CM 

CM 

CM 

• 

» 

* 

+ 

+ 

+ 

eo 

00 

CO 

+» 

♦» 

CM 

a 

CM 

a 

CM 

rH 

3) 

rH 

<D 

rH 

O 

a 

b 

h 

4) 

V 

eo 

ft 

CO 

ft 

CO 

0 

in 

O 

0 

O 

+ 

00 

+ 

+ 

ft 

ft 

ft 

0 

O 

O 

in 

in 

IO 

rH 

rH 

rH 

O 

0 

O 

CO 

CD 

CO 

* 

• 

+ 

+ 

+ 

CM 

CM 

CM 

a 

0) 

05 

rH 

rH 

rH 

O 

1 

O 

1 

O 

I 

ft 

ft 

ft 

■* 

■r 

Mi 

CO 

00 

00 

CM 

CM 

CM 

00 

00 

00 

CM 

CM 

CM 

• 

t 

* 

+ ' 

•+■ 

+ 

rH 

rH 

rH 

00 

00 

00 

c 

a> 

o 

t4 

4) 

ft 

O 

IT.< 
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1 + . 28284E  - 01  9 2 + . 60150E  + 03  12  3 + . 20000E  - 03  13  4 + . 25000E  - 03 


Table  72.  H Matrices  - Simplified  Pressure  Control 


IOC  PERCENT 


1 

1 

•lOOOoE  0l 

2 

7 

• lOcOOE  o7 

3 l •79684E-Q? 

3 

2 • 1 538?E*3? 

3 

3 

•2C?07E 

02 

3 

4 

-.5$lft8E-02 

3 

5 

-.41?5?r  0'i 

3 f ..44740E  01 

4 

1 -.83848E-01 

4 

2 

•llllOE 

00 

4 

3 

•1270gE  04 

4 

4 

-.81427E-06 

4 5 .44254E  q2 

4 

6 • 1 627fiE  03 

5 

2 

•10000E 

01 

6 

1 

-•10l73E  Oo 

b 

2 

»»22i70E-0 ( 

6 3 • 1 3231 E 04 

6 

4 -.66705E  On 

6 

5 

•61035E 

02 

6 

ft 

•12207E  03 

7 

1 

•21 738E»0g 

7 2 -.?74Q3E-o3 

7 

3 .11960E  02 

7 

4 

-•79991E 

•01 

7 

5 

* »12*loE  0i 

7 

6 

••31 137E  01 

8ift  ••50400E  04 

9 

3 • 10000E  01 

to 

4 

• lOOOOE 

01 

11 

5 

•lOOOoE  0l 

12 

6 

•iocooe  0: 

13  1 • 1 4233E  00 

13 

2 •47526E-0t 

13 

3 

•49748E 

03 

13  7 

*.7500oE  0i 

13 

6 

••34E72E  04 

l3i»,  ••i  043fcE  06 

1510  .50003E  02 

1611 

•40000E 

02 

85  PERCENT 

- 

1 

1 

•IOOOqE  Ol 

2 

7 

• IOCOOE  01 

3 1 M228.-?.6i 

3 

2 .48288E-03 

3 

3 

•54346E 

01 

3 

4 

••8437BE-03 

3 

5 

-•12921E  01 

3 6 -M2176E  00 

4 

1 '.29029E  OQ 

4 

2 

•21102E 

OC 

4 

3 

•2l5S4E  04 

4 

4 

-•157C6E  Oo 

* 4 »41087F  02 

4 

6 -.35136E  Og 

5 

2 

•10000E 

Ol 

ft 

1 

*»3525oE  00 

6 

2 

•21499E-01 

ft  3 »P4080F  04 

6 

4 -.131S6E  01 

6 

5 

•49278E 

02 

6 

ft 

**42l^oE  02 

7 

1 

•28926E*0g 

7 ? ..47983E-03 

7 

3 .51329E  01 

7 

4 

-•10672E 

00 

7 

5 

••27Sft6E  00 

7 

ft 

•2ft724E-0l 

•l*  -•50400E  0* 

9 

3 • 10000E  01 

IP 

4 

• 10000E 

Ol 

11 

5 

•lOOOoE  01 

12 

6 

•lOoOPE  Ot 

i3  1 oasaoE  00 

13 

2 .35151E-01 

13 

3 

•24838E 

03 

13  7 

*.7500qE  0.1 

1.' 

8 

-•33514E  04 

1 3l«  ••?739oE  05 

1510  »50000E  02 

1611 

•40000E 

02 

• 

70  PERCENT 

1 

1 

•lOOOoE  Ol 

2 

7 

•10000E  oi 

3 i •823d6E-02 

3 

2 .64898E-03 

3 

3 

•70047E 

01 

3 

4 

••21223E.02 

3 

6 

••92i55E  Oq 

3 6 -24212E  Q 1 

4 

1 ••25316E  00 

4 

2 

•jOOISE 

00 

4 

3 

•27»lftE  04 

4 

4 

-•13991E  OQ 

ft  5 *45333E  02 

4 

ft  *.90«>ft5£  02 

5 

2 

•10000E 

01 

ft 

1 

••3S334C  00 

6 

2 

•23o93E"0l 

6 3 .351llC  t)4 

6 

4 -.75347E  OQ 

6 

5 

•61035E 

02 

6 

6 

•-12S07E  03 

7 

1 

• U009E*0? 

7 2 -.?0303E»03 

7 

3 .40736E  01 

7 

4 

••39345E" 

•01 

7 

5 

••U132E  Oo 

7 

6 

•3923ftE  OQ 

816  ..50400E  O'* 

9 

3 • 1Q000E  01 

lo 

4 

• 10000E 

01 

U 

5 

•lOOOoE  01 

12 

6 

•IOqOOE  Ol 

13  i .67273E-01 

13 

2 .21028E-01 

13 

3 

•16409E 

03 

13  7 

••JoOOoE  Ol 

13 

a 

-•880OOE  03 

l3lb  -.J5304E  05 

1510  .500C0E.02 

1611 

* 400C0E 

02 

50  PERCENT 

1 

1 

•lOOOoE  Ol 

2 

7 

• lOcOOE  oT 

3 1 .32277E-02 

3 

2 .4859QE-03 

3 

3 

..42676E 

01 

3 

4 

••20527E-02 

3. 

& 

-•23272E  OQ 

3 6 .85B15E  oo 

4 

1 -.19291E  00 

4 

2 

•53408E 

00 

4 

3 

♦3*58bE  04 

4 

4 

— 30Q72E  00 

ft  5 >29802E-03 

4 

6 -.64959E  Og 

5 

2 

•IOOOOE 

01 

6 

1 

-.saioiE  oo 

6 

2 

•79j94E»Q1 

ft  3 *«5809E  Q4 

6 

ft  -.75347E  OQ 

ft 

ft 

-•12207E 

03 

7 

1 

• : 3304E-03 

7 

2 

••12594E-03 

7 3 »?274?E  ot 

7 

ft  -.I2186E-01 

7 

5 

••29494E. 

•01 

7 

6 

•.o5#4E  oq 

a; 

; 6 

••50400E  0* 

9 3 .IOOOOE  Q 1 

jo 

ft  • lOOOoE  01 

11 

5 

•IOOOOE 

01 

12  6 

•IOOOo-  Ot 

13 

1 

• 27  449E*01 

l3  2 «83062E*q2 

13 

3 •58323E  02 

13 

7 

••30000E 

Ot 

13 

8 

••SftOOoE  03 

131ft 

-•21509E  05 

I5l0  •SOOOCE  02 

1611  .40000E  0? 

Table  73.  D Matrices  Simplified 
Pressure  Control 

141  , 10000E-01 
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Table  74.  M Matrices  - Simplified  Pressure  Control 


1 1 

•IOOOOE 

Ol 

6 6 

• IOOOOE 

01 

HU 

.IOOOOE 

02 

1*1* 

•loooot 

01 

2121 

•IOOOOE 

01 

1 1 

•IOOOOE  01 

* 6 

•IOOOOE  01 

1111 

.*OOOoE  02 

1*16 

•IOOOOE  01 

2121 

•lOOOoE  Ol 

1 1 

•lOOOoE  01 

* t 

.IOOOOE  Ol 

mi 

.6OOO0E  02 

1*16 

. lOOOoE  Ol 

2121 

•IOOOOE  Ol 

1 1 

.IOOOOE  01 

6 6 

•IOOOqE  01 

nu 

>*OOOOE  02 

1*16 

•IOOOOE  Ol 

2121 

♦lOOOoE  01 

•STOP*  77777777 


2 2 .10000E  01 

7 7 .10000E  01 

1212  .lOoOOE  01 
171,7  .lOoOOE  01 


2 2 .IOOOOE  01 
7 7 .lOoOOE  01 
1212  .lOoOOE  Ol 
1717  • lOoOOE  01 


2 2 • lOoOOE  01 
7 7 .lOoOOE  0l> 
1212  .lOoOOE  Ol 
1717  .lOoOOE  Ol 


2 2 .lOoOOE  01 
7 7 • lOoOOE  Ol 
1212  .lOoOOE  Oi 
1717  .lOcOOE  01 


100  PERCENT 

3 3 »iOOOOE  Ol 
®_8  «10000E  01 

1313  • IOOOOE  01 

1*18  «10000E  01 


85  PERCENT 

3 3 .IOOOOE  01 
* 8 .IOOOOE  ol 
1313  ..IOOOOE  Cl 
1*18  .IOOOOE  O'. 


70  PERCENT 

3 3 MOOOOE  01 
8 n • 10000E  ol 
1 3^3  .IOOOOE  01 
1*18  .IOOOOE  01 


50  PERCENT 

3 3 .IOOOOE  01 
* 8 .IOOOOE  01 
1 3^3  .IOOOOE  01 
1*18  .IOOOOE  01 


4 * 

•IOOOOE 

oi 

9 9 

•IOOOOE 

01 

1*1* 

•IOOOOE 

oi 

1919 

•IOOOOE 

01 

V 4 

•IOOOOE 

01 

9 9 

•IOOOOE 

01 

1414 

•IOOOOE 

01 

1919 

•IOOOOE 

01 

4 4 

•IOOOOE 

01 

9 9 

•IOOOOE 

01 

1*1* 

•IOOOOE 

01 

1919 

•IOOOOE 

01 

4 4 

•IOOOOE 

01 

9 9 

•IOOOOE 

01 

1414 

•IOOOOE 

01 

1919 

•IOOOOE 

01 

5 5 .inriOOE  01 
1010  «50000E  0? 
1515  .IOOOOE  Ol 
2020  .IOOOOE  01 


5 5 .IOOOOE  01 
lolO  .50000E  02 
1515  .IOOOOE  01 
2020  « IOOOOE  01 


5 5 .IOOOOE  01 
loio  .50000E  02 

1515  . IOOOOE  Ol 

2020  • 10000E  Ol 


5 5 .IOOOOE  Of 
1010  «50000E  02 
1515  .IOOOOE  01 
2020  "IOOOOE  01 
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Table  77,  F Matrices  - State  Temperature  Control 

100  PERCENT 


1 1 

"•ftSOOoE  Oo 

1 2 

3 3 

•OOOOoE  01 

3 * 

* 8 

-•16936E  05 

6 3 

7 7 

••4000oE  Ol 

8 8 

1 1 

00 

1 2 

2 8 

**ft8SOoE  08 

3 3 

6 1 

■•88136E  Ol 

6 2 

6 7 

•6ft665E  04 

7 7 

1 1 

••98*2lE  Oo 

1 2 

2 8 

••ftgSOoE  08 

' 3 3 

* 1 

••4oo*oe  Or 

6 2 

ft  7 

•66ftft5E  04 

7 7 

1 1 

••94284E  Oo 

1 2 

2 8 

-•ftSSOoE  08 

3 3 

* 1 

**7l81iE  Ol 

6 2 

6 7 

> •ftft6«SE  04 

7 7 

• •♦OoOCE  0i 


• 23j>8oE  0$ 
»»30600E  Of 
••37q88E  0g 
••40000E  01 


.*2* 28£ 
>«30Q00£  Oi 
• •48784E  05 
‘.40000E  01 


1 4 «37»42E  02 

* 4 ••SOOOOE  qj 

* 4 ..78339E  Q3 


85  PERCENT 

1 3 — U679E  oq 
3 8 *9798QE  pi 

* 3 •80941E  oi 

8 g ••10OOOE  04 

70  PERCENT 

1 3 ••11679E  00 
3 8 .97980E  01 

* 3 •18655E  01 

8 8 ••lOOOOE  04 

50  PERCENT 

1 3 ..S3037E  00 
3 8 .97930C  01 

*>  3 *40096E  01 

> 8 ••lOOOOE  04 


1 5 .H353E  03  8 2 ••68500C  08 

5 5 -.80OOQE  01  6 1 -»148l3E  Ol 

6 rj  ••21701E  04  6 7 «ftft6ft5E  04 


1 4 .3Q558E  og 
4 4 -.50000E  01 
6 4 ••547838  03 


l 4 • 3784JE  0? 
4 4 ••5QOOOE  01 
8 4 ••6Q444E  03 


1 4 -.I8477E-03 
4 4 ••50000E  01 
6 4 -•J973ftE“08 


1 5 ••8®127E  08 

5 5 ••80000E  Cl 

6 5 <46848E  03 


1 5 ••75684E  08 
5 5 ••80000E-01 
« S M80*9E  04 


I 9 . .79684E  08 
9 9 *»;»OOOOE  Ol 
ft  9 •86ftl8E  03 


Table  78,  G1  Matrices  - Sta*o 
Temperature  Control 

8 i *6850oE  08 


1 


Table  79.  G2  Matrices  - State 
Speed  Control 

7 i'  •8828*8.01  8 8 .10019E  04 


M 


Table  80.  K Matrices  - State  Temperature  Control 


100  PERCENT 


1 

1 7 

•lOOOoE  Ol 

2 4 

•lOOOOE 

01 

3 

1 

♦153826-02 

3 

2 ♦?0,07E  08 

3 3 

••541086-02 

t 

3 4 

•*4i55sE  Ol 

3 5 

..947*oE 

Ol 

* 

1 

•JlllOE  00 

4 

2 -127026  OS 

4 3 

•♦414876-04 

r 

4 4 

•54254E  02 

4 5 

♦14276E 

03 

5 

1 

•IOOOqE  01 

4 

1 -♦22170E-01 

6 2 

♦138316  04 

V-’ 

6 3 

•••66705E  Oo 

6 4 

•61035£ 

6 

5 

•12207E  03 

7 

1 -♦27403E-03 

7 8 

♦119606  02 

8 

l 

f- 

7 3 

*•7999)6.01 

7 4 

••12510E 

Ol 

7 

5 

-♦311376  01 

.8 

2 •♦426006  02 

9 2 

♦lOOOOF  01 

f 

1 

10  3 

•10000E  Ol 

11  4 

♦10000E 

Ol 

12 

5 

♦10000E  Ol 

13 

1 .194676  Q1 

13  8 

■♦B474|E  OB 

I'- 

13  3 

••7«538E  Ol 

13  4 

. 64g57E 

03 

13 

5 

•29536E  04 

13 

6 -.750006  01 

13  7 

*♦444446  04 

13  4 


1 

3 

4' 

* 

7 

10 

i3 

13 


1 

3 

4 
6 
7 

1C 

13 

13 


1 7 
3 « 
* * 

6 3 

7 * 
11  4 
13  * 


85  PERCENT 


•lOOOoE  01 
*<1298lE  0i 
•*1087E  02 
••131446  01 
••10672E  00 
•lOOOoE  01 
•.36«3f 
••153I9E 


02 

01 


s 

3 

* 

6 

7 

11 

13 


Ol 

3 

i 

•4B288E-Q3 

3 

3 .813416  61 

3 

3 

Oo 

4 

i 

♦211086  00 

4 

3 .2156 1C  04 

4 

3 

02 

5 

l 

•10000E  01 

6 

1 •214996-01 

6 

8 

OJ 

6 

5 

- <481406  Ot 

7 

1 ••479816*01 

7 

2 

OQ 

9 

S 

♦267246-01 

8 

3 •♦63S00t  02 

9 

2 

Ol 

12 

5 

•100006  01 

13 

1 *344736  01 

13 

2 

03 

13 

5 

••1270BE  03 

13 

6 - .780006  01 

13 

7 

70  PERCENT 


•lOOOoE  01 
" *921®5E  00 
<453336  02 
-.75347E  00 
«.39345E.0l 
•lOOOoE  01 
«.12575€  02 
*.137046  Ol 


2 6 
3 5 
* 5 

6 4 

7 4 
11  * 
13  4 


• lOoOOE  Oi 
•24pi2E  0} 
•.90666E  02 
•61q35E  0? 
-.111926  00 
•lOoOOE  Ol 
<446546  03 


3 

4 

5 
* 
7 

12 

13 


*64(98E«03 
•30019E  00 

•ioooot  01 

•♦182076  03 
•)9234E  00 
•10000E  01 
•<l5594E 


04 


3 

4 
4 

7 

.8 

13 

13 


♦700*7E  01 
•274166  0) 
*2|0»36*Q1 
••tOlME'Ql 
• • 428006  Ot 
•532946  01 
••75000E  01 


3 

4 
* 

7 

9 

13 

13 


• IOOOqE  ’Ol 
*<2327?E  Oo 
•29802E-03 
•.75347E  00 
••2949*C«0l 
•lOOOoE  01 
••145996  02 


50  PERCENT 

. 

2 4 • IOqOOE  Ol 

3 

I • 448906-Q3 

3 2 

.426766  Q) 

3 3 

3 ' 5 .856)56  Oo 

4 

1 .334086  00 

4 2 

.365411  Oft 

4 1 

4 S . .649596  02 

5 

1 .100006  01 

6 1 

.791»«*01 

6 8 

6 5 -.122C7E  03 

7 

1 -♦138946-03 

7 2 

•227426  01 

l * 

7 5 - 10584E  Oo 

8 

2 -.488006  02 

9 2 

•100006  01 

10  1 

12  5 .100006  Ol 

13 

1 *101186  02 

13  2 

••184S4C06 

13  3 

13  5 ..129936  04 

13 

6 -.730006  01 

13  7 

••666656  04 

13  a 

Table  81.  D Matrices  - State  Temperature  Control 
100  PERCENT 

* 1 .4250ot  02  13  ’ .79387E  05  1*  i <IOOOOF  91 


85  PERCENT 

• 1 «6250oE  32  13  1 .13*716  Of  t4  1 *100006  01 


70  PERCENT 

* 1 .625006  02  13  1 .173856  06  l*  \ M0000E  01 


50  PERCENT 

• 1 *4250oE  02  13  1 .82867E  06  l4  1 000006  01 


••«4|78E*03 
■•IBTIOE  00 
•|40S0E  04 
*513296  01 
*100006  01 
• *349906  06 
•.446486 


04 


■•118236-02 


00 


••1139IE 
.JBlllE  04 
•107366  Ol 
•lOOOOt  01 
>*180«qE  06 
••4666BE  04 


•*208876-02 
••f007*E  00 
, • §54096  04 

•♦l2l4fE»0i 
♦10000E  01 
••7*43KE  01 
■»t944BE  01 


1 


I 


! I 


s 

\i 


J 1 


l i 


11 


i a 


310 


Table  82.  Temperature  Controller  Quadratic  Weights  (Non2ero  Values 
Diagonal  Elements  Q..) 
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Table  84.  Temperature  State  Controllers 
Closed-Loop  Roots* 


Association  No.  67(100%)  No.  65(85%)  No.  57(70%)  No.  63(50%) 


-0.  745 


-0. 836 


WFV 


BLD 


00.  9C 


+9.  90 


@0.  925 


+9.99 


SO. 942 


+9.  99 


SO.  982 


-1000. 


-1000, 


-1000, 


-1000. 


*Real  roots: 

Tabular  values  - real  values 
Complex  roots:  

Tabular  values  = (+X. XXX,  @0,YYY)  = (frequency,  damping  ratios) 


Table  86.  F Matrices  - Simplified  Pressure  Control 


100  PERCENT 


1 1 ••MOOoC  Oq 

1 2 .88*976 

03 

1 * .37842E 

02 

1 5 . 1 1353E 

03 

220  -.BO*OOE  0* 

* 9 ••3oOOoE  Ol 

3 8 .10000E  01 

* * —SOOOOE  01 

* 8 «3278*E 

■02 

5 5 • *200006 

01 

S 8 •to£5OE»02 

6 7 ,66*656 

o* 

*10  . 68889E 

01 

.611  -.222226 

02 

2 7 -.eooooE 

01 

• > ••S9909E  02 

9 9 ..10000E 

07 

1010  -.20833E  00 

1011  *20833E 

00 

11  1 .333866 

01 

U 2 O«l70E  05 

11  3 ..2**696* 

”0* 

U * -16303E 

0* 

11  5 .*|9o9E 

0* 

fl!2  'IOOOOE  01 

1«  1 •*i6**5E  03 

12  2 -.l»o53E  07 

1?_3  «l22l*E-o2 

12  9 -.813016 

05 

12  5 -«24*t*E 

06 

1*11  ••4*80oE  01 

1212  -.501256 

02 

1=13  • 10000E 

01 

1313  -.20000E 

05 

1*1*  -.?0000E 

02 

1*15  .30000E  02 

15  9 .SloOOE  02 

1515  -.31 OOOC 

02 

16  1 >153826 

*02 

16  2 *207076 

02 

1*  3 ••5al*8E«02 

16  * *.*15556 

01 

16  5 -.9<7*oE 

01 

1*1*  -.5C000E 

02 

17.1  *.27*03E. 

■03 

17  2 .u»*oE  02 

17  3 -.799916*01 

4 ••irsioE 

01 

17  5 -*311376 

01 

1717  -»*OOOOE 

02 

1*19  •lOOOoE  Oi 

191*  .lOoOOE 

01 

1918  -.26667E  o3 

1919  -.200006 

03 

26  2 • 31333E 

01 

2020  -*503**E  02 

2o2i  .18SO0E 

0* 

2122  .10000E 

02 

221*  -.59127E 

01 

2219  *236SlE 

0* 

2*81  '.35*62E  0* 

2222  -.30100E 

03 

85  PERCENT 

1 1 '.555686  Ol 

1 2 .160?7E 

0* 

1 3 -.T1579E 

00 

1 * .305526 

02 

1 5 -.261276 

G? 

2£;  '.50*OoE  0* 

3 3 -.30C00E 

OJ 

3 8 • tOOOOE 

01 

* * -»S0G0oE 

01 

* 8 .3278*E< 

02 

5 5 * »2o00oC  Ol 

5 8 • 20?5QE* 

•0? 

6 7 • 666656 

0* 

610  * 1 0*766 

02 

611  • *238106 

02 

7 7 ••'♦oOOoE  Oi 

8 8 ..5‘909E 

02 

9 9 ..2OO0OE 

03 

1010  -.17857E 

on 

lr-11  .178576 

or 

11  1 .59178E  01 

11  2 ,60**66 

05 

ll  3 -«**0*6E 

01 

11  * -11522E 

0* 

11  5 -.9853SE 

03 

1112  .lOOOnE  01 

12  1 ..29e*3E 

03 

12  2 -O0176E. 

0’ 

12  3 .219586 

03 

12  * -.57522E 

05 

12  5 .491*oE  08 

1211  -.50000E 

Ol 

l2j 2 ..50100C 

02 

1213  .IOOOOE 

oi 

1313  -*20000E 

05 

1*1*  '.30000E  02 

l*l5  . SOoOOE 

02 

15i5  -.25000E 

02 

1*  1 .*82886 

■03 

16  2 .5*3*6E 

01 

16  3 '.84278E-03 

16  * -.129216 

oi 

1*  R •« 121766 

00 

16  9 * 1 1 180E 

0* 

1616  -*50000E 

02 

17  i -.*79*3E.03 

17  2 .513296 

°i 

1 7 3 -« 10*726 

00 

17  * -.27966E 

00 

17  5 .2672*6 

■01 

1717  '.*oOOoE  0? 

1819  .10000E 

01 

i9i*  . iooooe 

oi 

1918  -.53333E 

05 

1919  -.*00006 

03 

?0  2 .3l333£  01 

2020  -.5038*6 

0? 

202i  • ! 88o6E 

0* 

2122  .IOOOOE 

0? 

221*  -»59l27E 

01 

2219  .*7302E  0* 

2221  -.35*626 

0* 

2222  ..‘30100E 

03 

70  PERCENT 

1 1 *.58*2lE  00 

1 2 .23?2o6 

0* 

1 3 -M1679E 

00 

1 * . 378*2E 

0? 

1 5 -.756S*E 

02 

220  *.5o*OoE  0* 

3 3 -.30rO0E 

01 

3 « .lOOOnE 

01 

* * -.5QO0OE 

01 

* 8 .3278*E. 

■02 

5 5 ' .poOOoE  01 

5 8 .2QP5CE- 

■02 

( 2 • 66 6656 

09 

.610  • 1 182JE 

02 

611  -.25157E 

02 

7 7 *.*oOOoE  Ol 

8 8 ..S99C96 

00 

9 q ».?000OE 

03 

J010  - • 1 1099E 

oc 

l.;ll  .11C99E 

Oj 

il  1 .79*236  01 

11  2 .737896 

05 

li  3 » . 37 J , 6e 

01 

11  * • 1 2026E 

0* 

11  5 -.2*o5lE 

0* 

1112  .lOOOoE  01 

12  1 -.397706 

03 

12  7 « • 36856E  :}7 

12  3 .18538E 

03 

12  * -.600666 

05 

12  5 .120136  06 

1211  -,.29*12E 

01 

1?!?  -.500596 

0? 

J213  .IOOOOE 

01 

1313  *»20000E 

05 

1*1*  ’ OqOOqE  02 

1*15  «30f OOE 

0? 

1*15  »*?5000E 

02 

16  1 .6*8986 

•03 

1ft.  2 »700*7E 

01 

16  3 «.2i223E-02 

16  * *.92i55E 

°0 

16  5 .2*2126 

01 

}6  9 *111 8o,E 

0* 

1616  -.5000oE 

02 

1 7 i *.203026. 03 

17  2 .*0736E 

01 

1 7 3 -.793*5E 

■Ol 

17  * 1 1 192E 

00 

17  5 .39236E 

or 

1717  *.*000qE  02 

1819  .lOfOCE 

01 

l9l*  • 1 OOOOE 

01 

1 9i 8 -.53373E 

05 

1919  «.*OOOOE 

03 

20  2 .313336  Ol 

2020  -.5038*E 

02 

2021  • 1 8S0CE 

0* 

2122  .IOOOOE 

0? 

2?1*  -.59127E 

01 

22j9  .*7302E  0* 

2221  -.35*6?E 

0* 

222?  -»30lOoE 

03 

50  PERCENT 

1 1 -.5*28*1:  On 

1 2 .*2f2*C 

0* 

1 -J  -.750376 

go 

1 * -.18*776 

•07 

1 5 - .7568*E 

32 

220  *«50*0o:;  0* 

3 3 »,30cOOE 

o? 

3 R • 1 OOOOE 

01 

* * -.500076 

01 

* 8 »3278*E 

■02 

5 5 *.2000Qt  Oi 

5 8 .20?90E 

■ 0? 

6 7 . .6666*E 

o* 

61'.  • 1 3333E 

c ? 

oil  * • 26ftft7E 

02 

7 7 ••*qQ0oE  Ol 

8 6 « .599096 

02 

9 o -.?COOOE 

03 

1010  -*666676 

■01 

1011  *66ft67E 

*01 

11  1 .133616  02 

11  2 .91*316 

05 

ll  7 -. 7523oE 

01 

)1  * .7*5556 

•c? 

ll  5 -.162516 

0* 

1112  .lOOOoE  Ol 

12  1 -.667606 

03 

12  2 - . 45735E 

O7 

12  3 .3759-. E 

03 

1?  * -.37253E 

oc 

12  5 .811996  05 

1211  -.16*676 

01 

l2j2  -.50033E 

?2 

)?13  .IOOOOE 

oi 

1.713  -.200006 

05 

1*1*  *.3oOOoE  02 

l*l5  ,300006 

02 

1 5j  R - • 1 33336 

0? 

16  1 .*85906 

•03 

It  2 .*Pft7ftE 

01 

16  3 -.20527E.0? 

It  * -.232726 

O' 

16  e • «58l 56 

go 

J 6 9 .111806 

g* 

1616  -. 50000E 

0? 

1 7 i *.1259*6-03 

17  2 .227*26 

Ol 

17  7 - • 1 21 86E 

*'i 

17  * . ,29*9*2 

*01 

17  5 «105B*E 

Oc. 

1 7 17  '.*OOOoE  02 

1619  .lOfCOE 

01 

l9j*  . 1 OOOOE 

01 

1918  -.533736 

05 

1919  -.*OOOOE 

03 

20  2 .31333E  Oj 

2020  -.5038*6 

02 

2021  * 1 8800E 

0* 

2122  *100006 

n ? 

??1*  -«59l ?7E 

01 

2219  .*730?E  0* 

2621  -.35*626 

0* 

?2?s  --70100E 

03 

Table  87.  G1  Matrices  - Simplified 
Temperature  Control 

> i .iOOOot  or 
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Table  88.  G2  Matrices — Simplified  Temperature  Control 

100  Percent 


7 

1 + . 28284E  00 

8 

2 + . 60150E  + 03  9 

4 + . 20000E 

. 03 

13 

3 + . 50082 E + 06 

7 

1 + . 28284E  + 00 

8 

85  Percent 

2 + . 80150E  + 03  9 

4 + . 20000E 

- 03 

13 

3 + . 44766E  + 06 

7 

1 + . 26284E  + 00 

8 

70  Percent 

2 +.60150E  + 03  9 

4 + . 20000E 

- 03 

13 

3 + . 34320E  + 06 

7 

1 * . 28284E  + 00 

8 

50  Percent 

2 + . 60150E  + 03  9 

4 + . 20000E 

- 03 

13 

3 + . 25829E  + 06 

Table  89.  H Matrices- -Simplified  Temperature  Control 


100  PERCENT 


1 7 .lOOOot  01 

2 6 aooooe  01 

? i 

•19392C-02 

3 2 

•J0707E  01 

3 3 

3 6 *.*l59SE  01 

3 9 . .94740E  Ol 

* 1 

•ilUOE  00 

4 2 

•12702E  04 

4 1 

4 4 •9429«C 

02 

4 6 • 16j76E  03 

s 1 

•10000E  01 

6 1 

••22170E-01 

* t 

6 3 >>66709E  On 

6 * •*lo35E  03 

‘ 9 

•12207C  o3 

7 1 

-•27403E-03 

7 » 

7 3 *.799»lE.0l 

7 4 ..12510E  01 

7 9 

— 31137E  01 

.820 

••5Q400E  OS 

9 1 

9 t >loOOoE 

Ol 

10  3 • 10000E  Ol 

11  4 

•tooepE  01 

1*  * 

•IOOOOE  01 

13  1 

13  2 .29S02E 

09 

13  3 -.13B43E-04 

13  4 

•BlSoiE  03 

13  5 

•29423E  OS 

13. It 

13  7 -.66665E 

04 

13  6 .5074SE  Oq 

l3|0 

■•64018E  Q7 

15  9 

•IOOOOE  OJ 

l«U 

l7l*  *1000qE 

Ol 

1815  .lOoOOE  01 

i’1* 

•SOOOOE  02 

2020 

•IOOOOE  01 

2114 

2119  .2369iE 

04 

221 7 .40000E  02 

23io 

■•66667E  00 

2311 

•16667E  01 

85  PERCENT 

1 7 «10030E 

01 

2 6 .IOqOOE  oi 

a i 

•4B288E-03 

3 2 

•5S346E  01 

3 3 

3 4 *>1292iE  Oi 

3 5 .,12j76E  00 

i 1 

•21102E  00 

4 2 

•21554E  04 

4 3 

4 4 .410B7E 

02 

4 5 ..35j36E  02 

* 1 

• 10000E  01 

6 1 

•21499E-01 

6 ? 

* 3 "«13lB*E 

Ol 

6 4 ,49?76E  0? 

6 5 

••42140E  02 

7 1 

-.47983E-03 

7 t 

7 3 -.ioB^jE 

00 

7 4 ..27966E  00 

7 5 

•8672*5*01 

.820 

••50*00E  04 

9 1 

9 2 «1000cE 

01 

10  3 ilOoOOE.  Ol 

11  4 

•IOOOOE  pi 

12  5 

•IOOOOE  01 

13  1 

13  g .43446E 

05 

13  3 -.26947E  01 

13  4 

•S2279C  03 

13  5 

••63796E  03 

13.4 

1 3 7 -.66665E 

04 

13  8 ..93611E-01 

13J0 

••13B63E  oB 

15  9 

•IOOOOE  01 

1411 

1 7j4  • IQOOoE 

01 

1815  .lOoOOE  01 

1*16 

•SOOOOE  p2 

2020 

•IOOOOE  01 

2114 

2119  .47302E 

04 

2217  .4Q000E  02 

2310 

••78S71E  00 

2311 

•17857E  01 

70  PERCENT 

l 7 «1000oE 

01 

2 6 • 10000E  01 

3 i 

•6*8985-63 

3 2 

•70047E  01 

3 3 

3 4 -.921S5E 

00 

3 5 ,24ai2E  01 

) i 

•30015E  00 

4 2 

•27816E  04 

4 3 

4 4 .45333: 

02 

4 5 ..90665E  02 

5 1 

•IOOOOE  pi 

6 1 

•23093E--01 

6 2 

6 3 *.75347E 

00 

6 4 ,6l035E  0? 

* 5 

••12207E  03 

7 1 

-•20302E-03 

7 2 

7 3 -.39345E 

■ 01 

7 4 ..lli9PE  OQ 

7 ? 

•392365  00 

.820 

-•50400E  04 

9 1 

9 a • loOOoE 

Ol 

10  3 .1000t«  Oi 

ll  » 

•10000E  gi 

12  5 

•IOOOOE  01 

13  1 

13  2 .56329E 

05 

13  3 -.24i35iJ  OJ 

1 3 4 

•69135E  03 

13  5 

-•165*7E  04 

13.6 

13  7 ••666*65 

04 

13  8 -,1'7469E  Oq 

i3go 

••14019E  08 

15  9 

•IOOOOE  oi 

1611 

1714  • loOOoE 

01 

1815  • lOoOOE  01 

1916 

•TOOOOE  02 

2020 

•IOOOOE  01 

2114 

2119  .47302E 

04 

2217  .40000E  02 

2310 

••88679E  00 

2311 

• 18868E  01 

50  PERCENT 

l 7 .10000E 

01 

2 6 • lOoOOE  0* 

3 i 

•*859nE-o3 

3 2 

• 42676E  V\ 

3 3 

3 4 -.a327?E 

00 

3 b .85gi5E  00 

* 1 

•534gsE  CO 

4 ? 

• 365H8E  04 

* 3 

4 4 .29«0?E 

• 03 

4 5 ..64959E  0 ? 

6 l 

•IOOOOE  01 

6 ’ 

.791+4E-01 

6 2 

6 3 • • 7?347E 

00 

6 5 ..12?07£  03 

7 1 

* • 1 ?594E*03 

7 

•22742E  01 

7 3 

7 4 •’.£?49i,£ 

-Oi 

7 5 . 10f 84E  Oq 

*20 

••SO+OOE  j* 

9 1 

, pgoooE -0? 

9 ? 

10  3 • iOOOoE 

Ol 

11  4 • 10','OOE  01 

12  h 

•IOOOOE  gi 

13  1 

• 10392E  Oi 

13  2 

1 3 3 -.52994E 

01 

13  4 ,4371fc£«.0? 

13  5 

•• 1 2097E  04 

13  6 

• • 75C00E  01 

13  7 

1 3 8 ».43226E 

00 

1 3?C  ..1844')E  Oh 

15  9 

•IOOOOE  01 

1611 

•IOOOOE  01 

1714 

1 816  .loOOoE 

01 

1916  .bOoOOE  0? 

20jn 

•IOOOOE  51 

2114 

••59127E  01 

2119 

?2l7  .400005 

0? 

2310  *• lOoOOE  Ol 

23ii 

•?OOOOE  01 

•.81427E-06 

•11940E  02 
•t 000QE»03 
•tlBllE  01 
••7BOOOC  01 
•10000E  01 
■•59127E  01 


»2*08oE  0* 
■91329E  01 
•tOOOOE-03 


•10000E  01 


••21223E-02 
• •13991E  00 


•20000E*03 
•58276E  01 
••79000E  01 
•10000E  01 


•lOnnoE  oi 

•75453E  05 
>•666655  04 

•10000E  01 
•4730JE  0* 


315 


Table  90.  D Matrices  - Simplified 
Temperature  Control 

1*  1 *iOOOoE  0i 


Table  91.  M Matrices  - Simplified  Temperature  Control 


100  PERCENT 


1 1 

•lQOQoE 

01 

e 1 

•lOoOOE  Ol 

3 3 

•10000E  01 

4 4 

• iooooc  01 

5-9 

•IOOOOE 

01 

4 6 

MOOOoE 

01 

7 7 

•lOoOOE  Ol 

5.8 

•10000E  Cl 

9 9 

•IOOOOC  Oi 

1010 

•*ft4447C 

00 

1011 

•14647E 

01 

1111 

•10Q00E  Ol 

1*12 

•IOOOOE  01 

1313 

•IOOOOE  oi 

1414 

•IOOOOE 

0» 

ISIS 

•lOOOoE 

01 

1416 

•50000E  02 

1*17 

•#ooooe  02 

1818 

•IOOOOC  01 

1919 

•IOOOOC 

01 

2020 

•lOOOoE 

01 

8121 

.lOoOOE  Ol 

2222 

•10000E  01 

85  PERCENT 

1 1 

•lOOOot 

01 

2 2 

•10Q00C  01 

3 3 

•loooof  01 

4 * 

TlOOOOE  Oi 

0-8 

•IOOOQE 

01 

6 6 

•lOOOoE 

01 

7 7 

•lOoOOE  Ol 

* 8 

•lOOOoE  01 

9 9 

•IOOOOC  01 

1010 

••70B71E 

00 

ion 

.175572 

01 

1111 

.lOoOOE  01 

1*12 

•10000C  01 

1313 

•IOOOOE  01 

1414 

•iooooc 

01 

1515 

•lOOOoE 

01 

1414 

.50000E  Of 

1*17 

•*OOOOE  02 

1818 

• IOOOQE  01  . 

1919 

•iooooc 

01 

2020 

•lOOOoE 

01 

2121 

•lOoOOE  01 

2*22 

•10000E  01 

70 

PERCENT 

1 1 

■p  lOOOoE 

01 

2 * 

•lOoOOE  Oi 

3 J 

•IOOOOC  01 

4 4 

•IOOOOC  01 

5.8 

•10000E 

Ol 

4 4 

•lOOOoE 

01 

7 7 

•lOoOOE  01 

•a 

•10000E  01 

.9  9 

•IOOOOC  01 

1010 

••»8479E 

60 

1011 

.18«6«F 

01 

1111 

•lOpooE  Ol 

1*12 

•IOOOOC  01 

1313 

•IOOOOE  01 

1414 

•IOOOOC 

oi 

1515 

•lOOOoE 

01 

1414 

•SOoOOE  02 

1*17 

•IOOOOC  02 

1818 

•IOOOOE  01 

1919 

•IOOOOC 

01 

2020 

•lOOOoE 

01 

2121 

•lOoOOE  Ol 

*222 

♦IOOOOE  01 

50  PERCENT 

1 1 

♦lOOOoE 

01 

2 2 

•lOOOOE  01 

3 3 

•10000E  01 

4.  4 

.•IOOOOE  01 

5-9 

•iooooc 

0! 

4 6 

•lOOOoE 

01 

7 7 

•lOoOOE  Ol 

8 8 

•IOOOOC  Q1 

.9  9 

•iooooc  01 

1010 
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Table  95.  Speed  Controller  Gains,  50  Percent 


ID 

kN 

kEN 

15 

-.75414-3 

+.  26419-3 

18 

-.46718-3 

+.  58461-4 

Table  96.  Wind  Tunnel  Test  Summary 


Item 

Description 

Results 

achieved: 

1}  Speed  setpoints  to  better  than  0. 1%N 

2)  Good  small-amplitude  speed  response 

3)  Maximum  PT3  surge -stall  boundary  excess  3.  5 psi 

4)  RMS  APT?  on  boundary  is  approximately  30  °F 

5)  Maximum  TT4  boundary  excess  125°F 

6)  Maximum  time  TT4  exceeds  boundary  plus  2C°F  is  0.  3 sec 

7)  RMS  ATT4  on  boundary  is  approximately  30 ’F  at  0,  5 psi 

Improvements 
achievable  by: 

1)  Improving  model  accuracy 

2)  Revising  speed-pressure  logic  to  r educe  overshoots  by  50% 
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SECTION  V 
CONCLUSIONS 


Results  presented  show  that: 

1)  Synthesis  of  good  command  controllers  by  application 
of  optimal  control  methodology  is  state  of  the  art. 

2)  Optimal  control  methodology  designs  better  command 
controllers  than  presently  used  methodology. 

3)  It  is  feasible  to  make  the  engine  insensitive  to  distur- 
bances while  retaining  good  command  control. 
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